


Mining dapt.




<«

« A

BR4

SSAY

AND
CHEMICAL
APPARATUS

STRIAL
MIck

<

Sy
L
QY













TEXT-BOOK OF GEOLOGY






TEXT-BOOK OF GEOLOGY

BY

SIR ARCHIBALD ﬁBHKlE;FJ{S

D.C.L. OxoN. ; D.Sc. CamMB,, DUBL. ; LL.D. ST. AND., GLAS., EDIN,

FORMERLY MURCHISON-PROFESSOR OF GEOLOGY AND MINERALOGY IN THE UNIVERSITY OF
EDINBURGH, AND DIRECTOR-GENERAL OF THE GEOLOGICAL SURVEY OF GREAT BRITAIN AND IRELAND ;
FOREIGN MEMBER OF THE R. ACAD, LINCEI, ROME, OF THE
NATIONAL ACAD. SCI., WASHINGTON ;

CORRESPONDENT OF THE INSTITUTE OF FRANCE ; AND OF THE ACADEMIES OF BERLIN, VIENNA, MUNICH,
GOTTINGEN, TURIN, BELGIUM, STOCKHOLM, CHRISTIANIA, PHILADELPHIA, BOSTON, NEW YORK, ETC.
HON. MEMB. INSTIT, CIVIL ENGINEERS

FOURTH EDITION, REVISED AND ENLARGED

VOL. 11

v oa o 2
>

FLonvon
MACMILLAN AND CO. LIMITED

NEW YORK: THE MACMILLAN COMPANY

1903

All rights reserved






CONTENTS.
VOLUME IL

Parr VIIL—ErupmivE (IGNEOUS) Rocks As PART OF THE STRUCTURE
tHE EARTH’S CRUST, 705.

General Characters, 705—1. Petrographical Provinces, 707; 2. Sequence of Eruptive
Rocks, 708; Ditferentiation in Eruptive Rocks, 710; 3. Crystallisation of
Eruptive Rocks, 715; Classification of Eruptive Rocks according to their
Tectonic Relations, 719.

I. PLuToNIC, INTRUSIVE, OR SUBSEQUENT PHASE OF ERUPTIVITY

1. Bosses : 2 . ‘ p \

Granite, 723—Relation of Granite to Contiguous Rocks, 726—Injection of Granite ;
Granitisation, 728 —Connection of Granite with Volcanic Rocks, 729—Bosses of
other Rocks than Granite, 730—Etfects on Contiguous Rocks, 780—Effects on
the Eruptive Mass, 731—Connection with Voleanic Action and with Crystalline
Schists, 731.

2. Sills, Intrusive Sheets . p : 3.V, x 4
General Characters, 732— Effects on Contiguous Rocks, 736—Connection with
Volcanic Action, 736.
3. Veins and Dykes . s " . ; g E .
Eruptive or Intrusive, 738—‘‘ Contemporaneous” and other Veins, 741—Dykes,
743—Effects on Contiguous Rocks, 747.

4, Necks 4 3 . L E 3 2

II. INTERSTRATIFIED, VOLCANIC, OR CONTEMPORANEOUS PHASE oF ERUPTIVITY
General Characters, 753—Evidence from Volcanic Tuffs, 755—Interstratifications

of Tuffs and Lavas, 757 — Examples of Ancient Volcanic Series, 761 — The
Vesuvian Type, 763—The Plateau Type, 763—The Puy Type, 764.

Part VIII.—MrTaMORPHISM, LocAL AND REGIONAL, 764.
Definition of Terms ; Conditions required in Metammorphism, 764.

I. CoNTACT METAMORPHISM 3 o 3 3 v 3 g

Influence of the Nature of the Rock altered and of the Varying Character of the
Invading Material, 766—Bleaclhing, 768—Coloration, 768—Induration, 768—
Expulsion of Water, 768—Prismatic Structure, 769—Calcination, Melting,
Coking, 770 — Propylitisation, 772 — Marinarosis, 772 — Production of New
Minerals, 772—Alteration of the Intrusive Rock, 774—Production of Foliation,
777; by Granite, 778; by Diorite, 783 ; by Diabase, 783; by Lherzolite and
Ophite, 784 ; by Serpentine and Fourchite, 784.

v

307172

OF

732

766



vi TEXT-BOOK OF GEOLOGY

s : : PAGE
II. RecioNAL METAMORPHISM ; THE CRYSTALLINE SCHISTS . S -

Introduction ; Special Characters of the Crystalline Schists, 785—Fundamental
Conditions involved in their Formation, 787—Influence of Mechanical Move.
ments, 787—Co-operation of Chemical Agencies, 789—Mineral Transformations,
790—Illustrative Examples of Regional Metamorphism ; the Scottish High-
lands, 792—Scandinavia, 798—Ardennes, 799—Taunus, 800—The Alps, 800—
Greece, 803—Green Mountains of New England, 803—Menominee and Marquette
Regions of Michigan, 804—Table showing the wide Range of Geological Systems
affected by Regional Metamorphism, 804—Summary of the Discussion, 805.

Parr IX.—Ore DEeposits, 807.

Magmatic Ores, 803—Solution Ores, 809.

i. Mineral-Veins or Lodes, 812—Variations in Breadth, 813—Structure and Con-
tents, 814—Successive Infilling, 815 —Connection with Faults and Cross-Veins,
816—Relation of Contents to Surround'ngRocks, 817—Decomposition and
Recomposition, 818.

ii. Stocks and Stock-works, §18.

Parr X.—UNCONFORMABILITY, 820.

BOOK V.

PALAONTOLOGICAL GEOLOGY, 824.

Definition of the term Fossil, 824. i. Conditions for the Entomnbment of Organic
Remains on Land, 825; in the Sea, 827—ii. Preservation of Organic Remains
in Mineral Masses, 820—1. Influence of Original Structure and Composition,
829-—2. Fossilisation, 830 —iii. Relative Palxontological Value of Organic
Remains, 831—iv. Uses of Fossils in Geology, 833. They show (1) Changes in
Physical Geology, 833; (2) Geological Chronology, 835; (3) Geographical
Distribution of Plants and Animals, 839 ; (4) Imperfection of the Geological
Record, 841; (5) Subdivisions of the Geological Record, 848 —v. Bearing of
Paleontological Data upon Evolution, 845—vi. The Collecting of Fossils, 849.

BOOK VI
STRATIGRAPHICAL (GEOLOGY.

GENERAL PRINCIPLES 5 ” ; : ; . : . 855
Table of the Stratified Formations constituting the Geological Record—
To face p. 860

Parr I—PRrE-CAMBRIAN, 861.

1. General Characters, 861—1. The lowest Gneisses and Schists, 869—2. Pre-
Cambrian Sedimentary and Volcanic Groups, 876.

2. Local Development, $82—Britain, 882—Scandinavia, 898—Central Europe, 900—

< America, 902—Africa, 905—India, 906—China, 906—Japan, 906—Australasia,

906.
Parr I1—PaLzozolc, 907.
I. CaMBRIAN (PRIMORDIAL SILURIAN) p % A d < kU8
: 1. General Characters: History of Discovery, 908 — Rocks, 909 — Flora, 910—
Fauna, 911

2. Local Development : Britain, 915—Continental Europe, 924—North America,
929—South America, 932—China, 932—India, 933—Australasia, 933. ,



CONTENTS

II. SILURIAN:

History of Silurian Research . : . ;

1. General Characters : Rocks, 934—Flora, 936-—Fauna, 937.

2. Local Developnent : Britain, 945—Basin of the Baltic, Russia, and Scandinavia,
966—Western Europe, 971—Central and Southern Europe : Bohemia, &c., 973
—North America, 977—South America, 978—Asia, 979—Australasia, 979.

ITT. DEVONIAN AND OLD RED SANDSTONE.
The two types of Sedimentation : g : . b . 980

(i.) Devonian Type.
1. General Characters : Rocks, 982—Flora and Fauna, 984.

2. Local Development : Britain, 988—Central Europe, 991—Russia, 995—Asia, 996
—North America, 997—Australasia, 999.

(ii.) Old Red Sandstone Type.

1. General Characters, 999—Rocks, 1000—Flora, 1001—Fauna, 1003.

2. Local Development: Britain, 1006— Norway, Arectic Regions, 1012 —North
America, 1013.

IV. CARBONIFEROUS 3 ¥ 3 ; 5 . 3 . 1014

1. General Characters, 1014—Rocks, two Facies of Sedimentation, 1015—Origin of
Coal, 1017—The Marine Fauna, 1020—The Lagoon Flora, 1025— Animals
associated with this Flora, 1081—Subdivision of the System by means of the
Plants, 1034. ;

2. Local Development, 1037—DBritish Isles, 1088—France and Belgium, 1051—North
Germany, 1054 —Southern Germany, Bohemia, 1054 — Alps, Italy, 1055 —
Russia, 1055—Spitzbergen, 1056—Africa, 1056—Asia, 1057—Anstralasia, 1058—
North Ameriea, 1061—South America, 1063.

V. PErM1AN (Dyas) g s . 9 . . § . 1063

1. General Characters : Rocks, 1063—Flora, 1065—Fauna, 1066.

2. Local Development : Britain, 1069—Germany, &c., 1072—Vosges, 1074—France,
&e., 1074—Alps, 1076—Russia, 1077—Asia, 1078—Australia, 1079—Africa,
1079—North America, 1080—Spitzbergen, 1081.

Part III.—MEsozoic orR SECONDARY, 1081.

GENERAL PETROGRAPHICAL AND PALEONTOLOGICAL ASPECTS OF THE FORMA-
TIONS ;: their Classification.

I. Triassic ¢ N y 3 . z v 4 . 1084

1. General Characters of the Sedimentation, 1084—Flora, 1084—Fauna, 1086,

2. Local Development : Britain, 1091—Central Europe, 1095—Spanish Peninsula,
1098 —Secandinavia, 1098 — Alpine Trias, 1008-— Mediterranean Basin, 1104—
Asia, 1107— Arctic Ocean, 1108— Australasia, 1108 — Africa, 1109-—North
America, 1109.

II. Jurassic L ¥ g A i o A 2 1]

1. General Characters: Flora, 1111—Fauna, 1113.

2. Local Development : Britain, 1131—France and the Jura, 1147—Germany, 1153
—Alps, 1155—Mediterranean Basin, 1156—Russia, 1157—Sweden, 1158—Arctic
Regions, 1158—America, 1159-—Asia, 1159—Africa, 1161—Australasia, 1161.



viii TEXT-BOOK OF GEOLOGY

ITI. CRrETACEOUS . J 5 ‘. o ! ! L E

1. General Characters : Rocks, 1162—Flora, 1163—Fauna, 1166.

2. Local Development : Britain, 1180—France and Belgium, 1195—Germany, 1202
—~Switzerland and the Chain of the Alps, 1204—Basin of the Mediterranean, 1206
—Russia, 1207—Denmark, 1208—Scandinavia, 1208—Arctic Regions, 1208—
India, 1209—Japan, 1209—North America, 1210—South America, 1217—
Australasia, 1218.

Parr IV.—Caivozoic or TERTIARY, 1219.

—

. EoceENE % S 5 4 K 4 3 g

1. General Characters : Rocks, 1223—Flora, 1823—Fauna, 1225,

2. Local Development: Britain, !1229— Northern France and Belgium, 1234 —
Southern Europe, 1238 —India, &c., 1240 — North America, 1241 — South
America, 1244—Australasia, 1244,

II. OLIGOCENE . . 5 A s 8 S 5 3

1. General Characters: Flora, 1246—Fauna, 1247.

2. Local Development: Britain, 1249—France, 1252—Belginm, 1255—Germany,
1256—Switzerland, 1257—Portugal, 1258—Vienna Basin, 1239—TItaly, 1259—
Faroe Islands, Iceland, 1260—North America, 1260—Australasia, 1260.

III. MiocENE 5 3 2 T s 5 g ; 5

1. General Characters, 1261—Flora, 1262—Fauna, 1263.

2. Local Development: France, 1266 — Belgium, 1267 — Germany, 1267 — Vienna
Basin, 1268—Switzerland, 1270—Italy, 1271—Greenland, 1271—India, 1272—
North America, 1272—South America, 1273—Australasia, 1274,

IV. PLIOCENE , 3 ) ; N : . ; .

1. General Characters: Flora, 1275—Fauna, 1277.

2. Local Development: Britain, 1280—Belgium and ITolland, 1289—France, 1289
—Italy, 1291—Germany, 1293—Vienna Basin, 1298—Greece, 1294—Samos, 1296
—India, 1296—North America, 12983—Australia, 1299—New Zealand, 1300.

Parr V.—PosT-TERTIARY OR QUATERNARY, 1300.

I. PLEISTOCENE OR GLACIAL . 3 A 3 3 3 ]

1. General Characters : Pre-glacial Land-surfaces, 1303—The Northern Ice-Sheets,
1304—Ice-crumpled and disrupted Rocks, 1309—Detritns of the Ice-sheet,
Boulder-clay, Till, 1309—Inter-glacial beds, 1812—Flora and Fauna of the
Glacial Period, 1315—Evidences of Submergence, 1317—Second Glaciation,
Re-elevation, Raised Beaches, 1320—Causes of the Glacial Period, 1325.

2. Local Development : Britain, 1328—Scandinavia and Finland, 1382—Germany,
1334—France, Pyrenees, 1335 — Belgium, 1337 — Alps, 1337 — Russia, 1339—
Africa, 1340—North America, 1340—India, 1345—Aunstralasia, 1346,

II. REecENT, PosT-6LACIAL OR HUMAN PERIOD . 3 ! 5 g

1. General Characters: Palzolithic: Alluvia, 1349—Brick-Earths, 1350—Cavern
Deposits, 1350—Calcareous Tufas, 1350—Loess, 1351—Paleolithic Fauna, 1353
—Neolithic 1355.

2. Local Development: Britain, 1858—France, 1359—Germmany, 1359—Switzer-
land, 1360—Denmark, 1360—Finland, 1360—North America, 1861—Australasia,
1362,

PAGE

1161

1223

1246

1261

1275

1301

1347



CONTENTS

BOOK VIIL
PHYSIOGRAPHICAL GEOLOGY.

Scope of this Department of Geology, 1368—Co-operation of Hypogene and Epigene
forces in the Evolution of the Earth’s Surface Features, 1365

1. Terrestrial Features due more or less directly to the Disturbance of the Crust,
1867—Monoclinal Flexures, 1867-—Symmetrical Flexures, 1367—Unsymmetrical
Flexures, 1869—Reversed Flexures, 1370—Alpine Type of Mountain-Structure,
1871—Epeirogenic Evolution of a Continent, 1874—2. Terrestrial Features due
to Voleanic Action, 1375—3. Terrestrial Features due to Denudation, 1376—
Influence of Geological Structure, 1378-—Mountains, Hills, Table-lands, 1381—
Watersheds, 1383—Valleys, 1384—Passes, 1385—Lakes, 1385—Escarpments,
Corries, Cirques, 1387—Plains, 1388.

INDEX OF AUTHORS QUOTED OR REFERRED TO

INDEX OF SUBJECTS y 4 : 3 3 A 2

PAGE

1389

1407






£

BOOK IV.—CONTINUED.

GEOTECTONIC (STRUCTURAL) GEOLOGY,

OR THE ARCHITECTURE OF THE EARTH'S CRUST.

Parr VII. Ervrrive (IGNEOUS) ROCKS AS PART OF THE STRUCTURE
OoF THE EARTH'S CRUST.

"THE lithological differences of eruptive rocks having already been
described in Book II. (p. 195), it is their larger features in the field that
now require attention,—features which, in some cases, are readily ex-
plicable by the action of modern volcanoes; and which, in other cases,
by bringing before us parts of the economy of volcanoes never observable
in any recent cone, reveal deep-seated rock-structures that lie beneath the
upper or volcanic zone of the terrestrial crust. A study of the igneous
rocks of former ages, as built up into the framework of the crust, thus
serves to augment our knowledge of voleanic action.

At the outset, it is evident that if eruptive rocks have been extruded
from below in all geological ages, and if, at the same time, denudation of
the land has been continuously in progress, many masses of molten

Fig. 293.—Extensively-denuded Voleanic District (B.).

material, poured out at the surface, must have been removed. But the
removal of these superficial sheets would uncover their roots or downward
prolongations, and the greater the denudation, the deeper down must
have been the original position of the rocks now exposed to daylight. Fig.
293, for example, shows a district in which a series of tuffs and breecias
(0b) traversed by dykes (aa) is covered unconformably by a newer series
of deposits (d). Properly to appreciate the relations and history of these
rocks, we must bear in mind that originally they may have presented

VOL. 1I B
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some swch ontlinze as it Fig. 294, where the present surface (that of Fig.
293) down to which denudation has proceeded is represented by the dotted
‘line n 5.2 'We may therefore a priori expect to encounter different levels
of eruptivity, some rocks being portions of sheets that solidified at the
surface, others forming parts of injected sheets, or of the pipe or column
that connected the superficial sheets with the internal lava-reservoir.
We may infer that many masses of molten rock, after being driven
so far upward, came to rest without ever finding their way to the
surface. It cannot always be affirmed that a given mass of intrusive
igneous rock, now denuded and exposed at the surface, was ever connected
with any superficial manifestation of voleanic action.

Now, as a general rule, some difference may be looked for in texture,
if not in composition, between superficial and deep-seated masses. The
latter have crystallised slowly among warm or even hot rocks under
considerable pressure, while the former have cooled much more rapidly

Fig. 204.—Restored outline of the original form of ground in Fig. 293 (B.).

in contact with the atmosphere or with chilled rocks. This difference is
of so much importance in the interpretation of the history of voleanic
action that it should be clearly kept in view. As the result of actual
observation, it is found that those portions of an eruptive mass which
consolidated at some depth are generally more coarsely crystalline than
those which flowed out as lava ; they are likewise usually destitute of the
cellular scoriaceous structure and the ashy accompaniments so charac-
teristic of superficial igneous rocks. Yet even if there were no well-
marked petrographical contrast between the two groups, it would
manifestly lead to confusion if no distinction were drawn between
those igneous masses which reached the surface and consolidated there,
like modern lava-streams or showers of ashes, and those which never
found their way to the surface, but consolidated at a greater or less depth
beneath it. There must be the same division to be drawn in the case of
every active volcano of the present day. DBut at a modern volcano, only
the materials which reach the surface can be examined, the nature and
arrangement of what still lies underneath being matter of inference. In
the revolutions to which the crust of the earth has been subjected, how-
ever, denudation has, on the one hand, removed superficial sheets of lava
and tuff, thereby exposing the subterranean continuations of the erupted
rocks, and, on the other hand, has laid open the very heart of masses which,
though eruptive, seem never to have been directly connected with actual
volcanic outbursts.

! De la Beche, ¢ Geol. Observer,” p. 561,



PART VII PETROGRAPHICAL PROVINCES

The progress of research among the eruptive rocks
crust_has brought to Tight the following important facts reghdingy e &
1st, They are not dlsbrlbuted with invariable identity of petro®¥ap
characters over the globe, but are grouped in more or less distinct areas
or provinces, in each of which a general family relationship may be
traced among the different igneous masses.! This consanguinity in
mineralogical composition and microscopic structure, though it may
hold good on the whole throughout each province, may be found to
vary considerably even in adjaceut provinces, which are distinguished in
turn by other peculiarities. 2nd, There has been in each distinct region
a more or less definite sequence in the order in which the different rocks
or varieties of rock have appeared, and this sequence, though its general
features may be recognised as broadly similar everywhere, is subject to
considerable local variations. 3rd, Not only has there been a process
of differentiation in the magma reservoirs within the terrestrial crust,
whereby the injected or ejected materials at the end of an eruptive
cycle have come to differ, sometimes to a great degree, from those that
appeared at the beginning, but even within the same igneous mass, after
its expulsion from the reservoir into the crust, there has often arisen a
separation of the mineralogical constituents, the more acid moving to one
portion of the mass and the more basic to another. Some of these features
have already been incidentally referred to in connection with modern
voleanic action, but it is only where ancient eruptive rocks have been
laid bare by denudation that the evidence is obtainable for a satisfactory
iscussion of the subject. Before entering, therefore, upon the considera-
tion of the igneous rocks as part of the structure of the earth’s crust, we
may with advantage attend to the three facts just enumerated, which
supplement and extend the conclusmns deducible from a study of modern
voleanoes.

1. Petrographical Provinces.—The example of these which has been most sedulously
studied is probably that of the Christiania district, which has been so fully made known
by the long-continued and detailed researches of Professor Brogger. He has shown that
the eruptive rocks of that part of Scandinavia form a consecutive series, specially
distinguished by its high percentage of soda, and including a number of types seldom
-observable elsewhere. He finds a genetic connection between the different members of this
series. On the one hand are thoroughly acid rocks, including different varieties of
granite and quartz-syenite, with acid quartziferous augite-syenite (Akerite), a peculiar
intermediate group of basic augite-syenites (Laurvikite), nepheline-syenite (Laurdalite)
.and mica-syenite, and a thoroughly basic series comprising camptonites, bostonites,
and olivine-gabbro-diabases.?

Another province which is distinguished by the petrographical character and sequence
.of its rocks is that of the Carboniferous region of the south of Scotland. It possesses a
great development of andesites with some peculiar trachytes, and a copious series of
more basic rocks, ranging from dolerites without olivine to basalts and limburgites.®

1 J. W. Judd, Q. J. G- S. xlii. (1886), p. 54.

2 ¢Dje Mineralien der Syenitpegmatitginge,” Leipzig, 1890 ; ‘“Basic Eruptive Rocks of
Gran.” Q. J. G. S. 1 (1894), p. 15; ‘Die Eruptivgesteine des Kristianiagebietes,” Kristiania,
1894-98, and aente, p. 217.

3 ¢ Ancient Volcanoes of Great Britain,” chaps. xxiy.-xxviii.
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A marked petrographical province is to be found in the line of old Italian volcanoes
which lies on the west side of the Apennine Chain from Tuscany to Naples. This tract
is more especially characterised by the abundance of its leucitic rocks, which are some-
times accompanied by trachytes and other non-leucitic masses. Great variety among
the voleanic products is displayed at each eruptive centre, yet the range of type remains
tolerably uniform throughout.?

2. Sequence of Eruptive Roeks.—In various parts of the world,
where a large connected series of eruptive rocks has been studied in some
detail, a more or less distinct local order of succession has been ascertained
to have marked the appearance of the several petrographic types of each
province. Allusion has already (anfe, p. 349) been made to evidence
of such a sequence among the products of modern and still active voleanoes.
But it is in the records of older voleanic and plutonic action, laid bare
by prolonged denudation, that the evidénce can be most fully perceived.
As far back as 1868, Baron von Richthofen expressed his belief that from
the observations made by him in Europe and in North America a general
order of occurrence of eruptive rocks could be established, and this order
appeared to him to be first Propylite, followed successively by Andesite,
Trachyte, and Rhyolite, and ending with Basalt.® If the two first
members of this series be regarded as practically different conditions of
the same rocks, the order given by von Richthofen begins with material
of intermediate composition, then passing through stages of increasing
acidity reaches the rhyolites, and finally ends oft with a thoroughly basic
compound, viz. basalt.

Considerable differcnce of opinion exists as to whether any such order of appearance
can be recognised as of general application, and still more as to the cause to which it
should be assigned. This question has been investigated in great detail by Professor
Brogger. He believes that the eruptive rocks of the Christiania district not only form a
distinct petrographical province, but, as already stated, that they have a close genetic
connection with each other, and appeared in a definite order according to chemical and
mineralogical composition. They seem to be mostly of Devonian or Old Red Sandstone
age, and occur as intrusive bosses and dykes as well as surface outflows, The earliest
eruptions were strongly basic, consisting of olivine-gabbro-diabases. With these were
associated dykes and sheets of camptonite and bostonite. Later came the nepheline-
syenites, followed by the granitic rocks, while last of all came a multitude of basic in-
trusions, now found in narrow dykes of diabase and allied types, often amygdaloidal.?

In the Eureka district, Nevada, Mr. Arnold Hague has ascertained that among the
great Tertiary eruptions there displayed, the earliest consisted of hornblende-andesite
and hornblende-mica-andesite, followed by dacite and then by rhyolite and rhyolitic
pumice and tuff. He believes that the rhyolites were succeeded by pyroxene-andesites,
and these are closely related to the basalts, which form the latest of the series.*

In the Yellowstone Park the order of eruption established by the members of the:
United States Geological Survey is andesite of mean composition, followed by eruptions
of more basic andesite and basalt, and more siliceous andesite and dacite, and by basalt,

1 De Stefani, Bol. Soc. Geol. Ital. x. (1891), p. 449 ; H. S. Washington, Journ. Geol.
vols. iv. and v.

2 «The Natural System of Rocks,” Californ. Acad. Sei. 1868, An excellent historical
summary of views regarding the internal magmas of the earth is given by Zirkel in his
¢ Lehrbueh,’ i. pp. 458-471.

3 See his Memoirs cited on.pp. 217, 221. 4 Monograph xx. U. 8. &. S. p. 249.
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rhyolite, and basalt, the order being locally modified in different districts, but the general
succession being from a rock of average composition throngh less siliceous and more sili-
ceous types up to rocks rich in silica on the one hand, and others extremely low in that
constituent on the other.!

More recently Mr. J. E. Spurr has gathered all the evidence at present available
regarding the succession and relations of the lavas in the Great Basin region of the Western
United States. He thinks that an earlier acid group exists which is not developed in
every district, and that when the whole sequence is complete it is as follows in order of
appearance : (1) Rhyolite (granite and alaskite) ; (2) Andesites of various types, with
gradual transitions to the following; (8) Rhyolite (sometimes with complementary
olivine-basalt) ; (4) Andesite of various types with gradual transitions to the next group ;
(5) Basalt (sometimes with complementary rhyolite). Between Nos. 1 and 2 and between
3 and 4 there is a break indicating a long lapse of time.2

A remarkable sequence has been found by Messrs. Lawson and Palache in a long
series of Pliocene eruptions among the Berkeley Hills near San Francisco. No fewer
than five, possibly six, cycles have there been displayed, in' which the same order of
recurrence of volcanic material appears. In each of them the earliest discharges were of
andesites, followed by basalt and that by rhyolite. Y

The most complete volcanic record yet described is that presented in the British Isles,
where each great geological system from the Archaean to the Permian includes intercalated
eruptive rocks. Thisextended chronicle comprises the detailed history of a long succession
of voleanic cycles within a comparatively restricted area of the earth’s surface. Each of
these cycles probably endured for a protracted time, and the intervals between them
may have been . even more prolonged. From the Permian to the early part of the
Tertiary periods there was a complete quiescence in voleanic activity, for in the Triassic,
Jurassic and Cretaceous formations no vestige of any contemporaneous igneous rocks has
been found. In clder Tertiary time, however, the subterranean forces once more broke
into ernption and piled up the extensive plateaux and hills of Antrim and the Inner
Hebrides. There is thus a succession of voleanic records in which the materials can be
arranged chronologically in the order of their appearance. - The result of-a study of these
records is to show that each represents more or less completely a cycle of petrographical
development. The earliest eruptions are generally intermediate or basic, and the rocks
then become more siliceous, but the last are usually basic. In the basin of the Firth of
Forth, where the Carboniferous volcanic series is most fully developed, the oldest eruptions
consisted mainly of andesites, but included some more basic outflows. In East Lothian
these rocks are overlain with a thick group of trachytes, which are accompanied by bosses
of phonolite. But in the following or Carboniferous Limestone portion of the period the
eruptions consisted mainly of basalts, often extremely basic. The Tertiary cycle is even
more distinet in the west of Scotland. Above the denuded Chalk lies a thick pile of
basalts, which towards the top are succeeded by or interstratified with trachytes and
trachytic tuffs. Next come huge ernuptive masses of gabbro, including peridotites. These
are distupted by granites and granophyres, while the youngest rocks of all are basalts in
the form of dykes, which traverse all the other parts of the series.?

Whatever explanation may be given of it, there can be no doubt that
a sequence in the order of appearance of eruptive rocks can be established
in most districts where any extensive series of these rocks is displayed.
The order does not appear to be quite the same in every region, and the
differences are perhaps too great to be explicable on any of the hypotheses

1 J, P. 1ddings, *“On the Origin of Igneous Rocks,” Bull. Phil. Soc. Washington, xii.
(1892), p. 145. ;

2 Journ. Geol. viii. (1900), pp. 621-646.

3 ¢Ancient Voleanoes of Great Britain,” chaps. xxiv.-xxviii., xxxiil.-L A
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that have been proposed. On the whole, however, there is reason to
believe that the prevalent sequence is that above indicated, viz., from an
intermediate to a more acid composition, with a concluding effusion of
basic material. This subject is so closely connected with differentiation that
it must be further considered in the following pages.

3. Differentiation in Eruptive Rocks.—This subject has been studied
from two different sides, topographical and chronological.. In the first
place, single masses of rock exposed at the surface have been carefuily
examined, with a view to determine the nature of the obvious petro-
graphical differences that oceur even in the same body of material ; and, in
the next place, the various separate eruptive masses in a province have
been grouped in their order of appeawance, and have been analysed
chemically and microscopically, so as to reveal their gradations of com-
position and structure. In the one case, we have before us the differentia-
tion of an intruded mass during its cooling and consolidation, in the other
the evidence of heterogeneity or differentiation in the magma reservoir
underneath, either existing at the time of active volcanism or developed
during the course of long intervals of time, and manifested in the differ-
ences between successive discharges. Each of these heads has given rise
to much discussion and a considerable addition to geological literature.

(@) In dealing with a single mass of rock, exposed at the surface, it is not difficult to
gather the facts as to variations in texture and composition of its different parts, though
there may be considerable diversity of opinion as to their explanation. An excellent
example of the differentiation which may e detected in a single body of erupted material
was described in 1892 by Messrs. Dakyns and Teall from Garabal Hill and Meall Breac
in Argyllshire.! A large mass of biotite-granite, which has there invaded the mica-schists
of the Highlands, passes from a porphyritic condition into tonalite (quartz-diorite).
Along its south-eastern margin it is flanked by a belt of diorite, with which are associated
ultra-basic rocks. There is thus a great body of acid material occupying some ten
square miles, which becomes increasingly acid towards the margin, presenting inter-
mediate varieties of hornblende-biotite granite, tonalite, diorite, and augite-diorite, the
series terminating in such highly basic compounds as wehrlites (olivine-diallage rocks),
picrites (olivine-angite rocks) and serpentine. The first rocks formed were peridotites,
followed by diorites, tonalites and granites in the order of increasing acidity. The most
acid portion of the whole mass occurs as narrow veins in the granite and tonalite, and
consists of felspar and quartz with hardly any ferro-magnesian constituents.2

Another instance of remarkable differentiation within one body of erupted material
has been studied by Mr. Harker in Carrock Fell, in the English Lake district.? This
hill consists of an acid rock, having the structure of granophyre, with large associated
masses of gabbro and diabase. The gabbro shows a remarkable increase of specific
gravity and of basicity towards its margin. Its central portion has a density less than
2'85, abundant free quartz, and a maximum silica-percentage of 59:46. From that
condition it progressively changes to the outer border where the specific gravity rises
above 2°95, the silica-percentage sinks to a minimum of 32:50, while the proportion ot
iron-ores amounts in places to a fourth of the whole rock. The granophyre is of younger
date than the gabbro. It is an augite-granophyre, having 7160 per cent of silica, but
towards its margin, where it comes in contact with the most basic zone of the gabbro,

1 Q. J. @. 8. xlviii. (1892), p. 104. ’
2 The basic margins of the Pyrenean granite are otherwise explained by Lacroix. Postea,
p. 780, 3 Q. J.G. 8.1 (1894), p. 311 ; Li. (1895), p. 125,
¢

g
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it loses its acid character, haying incorporated some of the gabbro into its substance.
In this case, the marginal modification is due to the caustic action of the acid rock
upon another mass outside, and not upon any process of differentiation within the
granophyre itself. A similar effect, previously described by Professor Sollas, is even
more strikingly developed at the junction of granophyre dykes with the gabbro of
Barnavave, Carlingford, Ireland.! And Mr. Harker himself has more recently described
other striking examples of the same caustic action from the junctions of the granophyre
with the gabbro of the Isle of Skye (postea, p. 776).

We thus perceive two causes which may in different cases produce marginal modifica-
tions in the structure and composition of eruptive rocks : 1st, an actual differentiation
of their own substance, whereby the more basic and more acid constituents are separated
from each other into different portions of the mass; and 2nd, a change due to the
solution of the rocks with which an intrusive mass comes in contact, and the incorporation
of more or less of the dissolved material into the younger body, It is obvious, however,
that this latter cause must be at the best of merely local extent, and can hardly go far
from the margin into the body of a large eruptive mass.

===

Fig. 295, Banded and puckered gabbro, Druim an Eidhne, Glen Sligachan, Skye.

(0) Evidence has multiplied in recent years that the processes of differentiation are
carried on upon a large scale within the magma beneath the terrestrial crust. This
evidence shows that in some cases during a period of continued eruptive activity, the
magma has become separated into more basic and more acid portions, from each of which
intrusions or discharges are made successively or simultaneously. The existence of such
a heterogeneous magma is well illustrated by the banded gabbros and other similar rocks,
where the materials have been injected or protruded simultaneously from sources of
strikingly different chemical and mineralogical composition. Thus the Tertiary gabbros
of Skye include rapid alternations of pale and dark bands, the former composed mainly
of labradorite, with some augite, uralitic hornblende and magnetite, and containing 52
per cent of silica ; the latter sometimes consisting of little else than augite and magnetite
with only 29°5 per cent of silica. The bands are tolerably parallel to each other, but are
lenticular or not continuous for a long distance. That they belong to the time of
extravasation and not to any subsequent process of differentiation in sitw, is shown by
their occasional puckering and curvature. They were evidently disturbed while still in a
plastic condition. These rocks present a striking resemblance to many ancient gneisses.?

Y Trans. Roy. Irish Acad. xxx. (1894), p. 477 ; also Geol. Mag. 1900, p. 295.

2 A. G. and J. J. H. Teall, . J. ¢ S. 1. (1894), p. 645; A. G. Compt. rend. Congres.
Géol. Internat. Zurich, p. 139 ; ¢ Ancient Volcanoes of Great Britain,” ii. p. 341, Banded
gabbros have also been described from the Radauthal by Lossen, Z. D. G. G. xliii. (1891),
p. 533 ; and by F. D. Adams, from the Saguenay district, Newes. Jahrb, Beilageb. viii,
(1893), p. 452. This structure, which has been already noticed (p. 256), will be again
referred to in connection with the Archean gneisses (Book VI. Part I, § 1).



712 GEOTECTONIC (STRUCTURAL) GEOLOGY BOOK IV

They form thick intrusive masses, which have disrupted the Tertiary basalt-plateaux of
the Inner. Hebrides. Another illustration of the simultaneous existence of basic and
acid portions in the same active volcanic focus is supplied by the Lower Old Red
Sandstone of Central Scotland, where among the andesitic and diabasic lavas there are
intercalated contemporaneous sheets of acid dacite and breccias of rhyolitic or felsitic
fragments. | )

(c) More usually the evidence, as above detailed, with reference to the sequence
of eruptive rocks, indicates that the variation has been slowly progressive during
the continuance of a voleanic period, so that the ejected materials at the end come
to be considerably different in composition from what they were at the beginning.
It is difficult to understand this petrographical sequence on any other ground than
that it arises from a gradual separation of the constituents in the body of the
subterranean magma. The more basic being the more readily separable may be ex-
pected to come first and to leave a more aeid residunm for the later discharges.
Reference may again be made here to Professor Brogger’s investigation of the genetic
relationship between the several types of rock which have made their appearauce in the
Christiania district. From the earliest of the series, which are the most basie, to the
latest, which (except the final unimportant dykes of diabase) are the most acid, he has
traced a continuous series of varieties, connected so closely together by passage-types that
he regards it as impossible to doubt that they have all originated from a common source.
Dealing with the oldest group, he thinks that the original basic magma which supplied
the olivine-gabbro-diabases, that were pressed up to a higher level, afterwards underwent,
at a deeper level, a process of differentiation whereby there was separated by diffusion a
basic portion, which gave rise to the camptonite intrusions, while the more acid re-
mainder supplied material for-the bostonite dykes and sheets. This differentiation has
not only taken place within the magma reservoir, but also in the dykes and sheets
themselves, where it must have occurred after their injection into a higher level of the
crust. Moreover, another type of differentiation occurs along the western and northern
margins of the boss of Brandberget, where the olivine-gabbro-diabase has supplied a basic
zone of almost pure pyroxenic composition, which has often crystallized as a coarse-
grained pyroxenite, containing as much as 93 per cent of pyroxene. Again, in the
laccolite of Viksfjeld, more aeid quartziferous augite-diorites are frequent as the latest
products of differentiation. Professor Brogger concludes that whatever may be our ex-
planation of the cause of these variations, there can be no doubt that the differentiation
has actually taken place ; and that in this Christiania region one and the same magma
under different conditions has been differentiated in different ways into different groups of
rock, with distinet chemical compositions in their several members,?

The examples of a succession in the erupted materials among the Tertiary volcanie
districts of the Great Basin and surrounding regions in Western North America, atford
an instructive lesson as to the nature of the changes which may take place in the con-
stitution of the material that fills a magma reservoir during the continuance of a volcanic
period. With regard to the Eureka district, above cited, Mr. Hague remarks that all
the erupted rocks may be referred to two sharply defined groups, one acid or felspathie,
the other basic or pyroxenic. In the former the earliest and most basic portion consists

b Q. J. G. 8. ). (1894), pp. 15-37. The subject is more extensively elaborated in his
memoir on ‘Die Eruptivgesteine des Kristianiagebietes." In Part i. (pp. 123-158) he treats
of the rocks of the Grorudite-Tingnaite series as products of differentiation ; in Part ii. he
describes the succession of eruptive rocks at Predazzo in the Tyrol, compares it with that of
the Christiania district, and discusses the mechanism of the intrusion of deep-seated eruptive
masses ; in Part iii. (pp. 227-865) he enters fully into the genetic relations between the masses
of Laurdalite and their accompanying dykes, and discusses the diffusion-hypothesis, the Kern
hypothesis of Rosenbusch, and various explanations which have been proposed to account for
the phenomena of differentiation.
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gradnating further by the addition of quartz into dacite, then by decreas
of hornblende and the appearance of orthoclase, passes into rhyolite. The o
of the pyroxene group were pyroxene andesites, which gradually pass into ‘basalts,
Hague believes it to be impossible to regard these differentiated volcanic products other-
wise than as having been derived from an original commeon reservoir.!

Any theory which is proposed to explain this process of differentiation
must take account of the considerations stated in the foregoing paragraphs
with regard to the sequence of eruptive rocks, and more especially of the
fact that the cycle of change in the composition of the magma has recurred
again and again within the same limited district. In 1892 I pointed out
this recurrence as singularly striking in the volcanic history of so limited
an area as the British Isles, and remarked that ““as the successive pro-
trusions took place within the same circumseribed region it is evident that
in some way or other, during the long interval between two periods, the
internal magma was renewed as regards its constitution, so that when
eruptions again occurred they once more began with basic and ended with
acid materials.”? Each of these periods in which this recurrence was
repeated was termed by me a volcanic cycle. Their records are not-always
complete, sometimes the carlier and sometimes the later stages being un-
represented ; but the general order of appearance of the rocks is main-
tained with remarkable persistence. IEven more striking is the instance
above cited from the Berkeley Hills, where within one comparatively
small area no less than five cycles were completed in Pliocene time.

Various hypotheses have been proposed to account for such evident changes in large
bodies of injected matter, and also in the magma-reservoirs during a long course of
eruptions.® Some writers have supposed the original existence of differently constituted
magmas which, ernpted at different times or simultancously and in different proportions,
might explain the observed phenomena, Professor Rosenbusch, for example, has suggested
the existence of some five or six such fundamental magmas. Among these the granitic
magma is represented as including, besides granite, the old voleanic quartz-porphyries,
and keratophyres, and the younger volcanic felsoliparites, pantellerites and trachytes ;
the gabbro-magma comprises, besides decp-seated and older volcanic rocks, such.younger
voleanic masses as basalt and leucitite.4 M. Michel-Lévy tabulates four magmas, each
capable of considerable subdivision. 1st, Alkaline (granulitic, granito-eleolitic,-pantel-
leritic) ; 2nd, Alkalinc-earthy (granito-tonalitic, granitic, proper) ; 3rd, Earthy-alkaline
(diorito-diabasic, diabaso-lamprophyrie); 4th, Ferro-magnesian (lamprophyric, peri-
dotic). But he considers that only two magmas are susceptible of a trnly precise

1 Monograph. xx. U. S. G. S. pp. 253-268.

2 Q. J. G. S. xlviii. (1892), p. 178. Anniversary Presidential Address.

3 An excellent historical digest of opinion on this subject will be found in Mr. Idding’s
paper on ‘‘The Origin of Igneous Rocks,” Bull. Phil. Soc. Washington, xii. (1892). His
other contributions inclnde papers in Bull. Phil. Soc. Washington, xi. (1890), p. 191;
Journ. Geol. i. (1893), pp. 606, 833 ; Q. J. G. 8. lii. (1896), p. 606. A review of opinion
from an opposite point of view to that taken by Messrs. Brigger and Iddings is given by
M. Michel-Lévy in his Note sur la Classification des Magmas des Roches Eruptives”
B. 8. G. F. xxv. (1897), pp. 326-877 ; also op. cit. xxiv. (1896), p. 123.

4 Rosenbusch’s ‘ Kern-Hypothese’ is given in his paper of 1889, and somewhat modified
in the 3rd edition of his ¢ Mikroskopische Physiographie,’ ii. p. 384. It is summarised and
commented on by Brijgger in his ¢ Ganggefolge des Laurdalits,” iii. (1898), p. 302.
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definition and possess a living individuality—the ferro-magnesian and the alkaline,
which are fundamental and behave differently as eruptive masses, the former being the
result generally of igneous fusion, the latter requiring the co-operation of mineralising
or prneumatolitic agents, such as are seen in fumeroles {ante, p. 270), and to which he
attaches vast importance. He believes that it is in the circulation of fluids charged
with mineral solutions under pressure and a high temperature that we must seek the
active agent in the differentjation which takes place in the reservoirs of eruptive
magma.!

Other petrographers and geologists have endeavoured to account for the observed
changes on the assumption that they have proceeded in each case from one original
magma. Mr. Teall, in discussing the consolidation of molten magmas, proposed that they
should be considered as solutions, and sought how far their behaviour could be explained
by the analogy of different solutions which had been studied experimentally. He dwelt
upon the significance of the researches of Guthrie on cryohydrates, and of Lagorio on
the glassy base of igneous rocks. He first suggested the application to them of the dis-
covery by Soret, which he defined thus: ‘“ A homogeneous solution remains homogeneous
so long as the temperature remains uniform, but a disturbance in the equilibrium of
temperature brings about heterogeneity in the solution. The compound or compounds
with which the solution is nearly saturated tend to accumulate in the colder parts.”?
Various objections have been brought forward to the application of this principle as an
adequate explanation of magmatic differentiation, and it is now admitted by Brigger
that ordinary diffusion, whether by Soret’s principle or in any other way, is insufficient
to account for the facts.? Mr. Harker, dealing with that type of differentiation where
a magma, supposed to be originally homogeneous, has had its more basic ingredients
concentrated in the cooler marginal parts, compared such a magma with a saturated
saline solution, and suggested that the migration of the least soluble constituents to the
part of the liquid most easily saturated would determine crystallization, the process
which, in the case supposed, would give the most rapid evolution of heat.*

Mr. G. F. Becker, in eriticising the hypothesis of differentiation by diffusion, dwells
on the stupendous amount of time which by the methods of Ludwig and Soret would,
he thinks, be required for the segregation of magmas, even if they could be kept free from
convection currents. He assumes that the magma within the earth must be at least as
viscous as lava, and that in such a mass convection currents must necessarily come in to
prevent any separation of constituents by diffusion from appreciably affecting the com-
position.> He has subsequently proposed another solution of the problem, so far, at
least, as regards masses that have been erupted into the crust or up to the surface.
Returning to the process of fractional erystallization, so well illustrated by the researches
of Guthrie on eutectic mixtures, he remarks that a mass of erupted material, injected
into a fissure or cavity among cold rocks, will be subjected to convection currents, and a

1 See previous note, also B. 8. Q. F. xxvi. (1898), and ante, pp. 196, 199, for his notation
to express the composition of the eruptive magmas.

2 ¢British Petrography,’ 1888, p. 394. See also Geol. Mag. 1897, p. 553 ; and his
Presidential Address to Geol. Soc. for 1901. H. Bickstrom has remarked that Soret’s
principle applies only to very dilute solutions, and that we are still ignorant concerning the
behaviour of concentrated solutions, especially with reference to this principle, Journ. Geol.
i. (1898), p. 774. 3 Op. cit. p. 855.

4 Geol. Mag. (1893), p. 546 ; Q. J. G. S. 1. (1894), p. 311.

5 Awmer. Journ. Sci. iii. (1897), p. 21. Professor Brogger has replied to this criticism
that we have no reason to believe the internal magma to be as viscous as Vesuvian lava.
He points to the general absence of differentiation in superficial eruptive rocks and its
frequent presence in deep-seated masses, and he argues that so long as the magma retains
the enormous volume of aqueous and other vapours with which it is charged, it must possess
great internal mobility, ¢ Das Ganggefolge des Laurdalits,” p. 336.
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circulation will be established. If the lava be supposed to be a homogenous mixture of
two liquids of different fusibility, the crusts which first form upon the walls will have
nearly the same composition as the less fusible partial magma. The abstraction of the
less fusible constituents will alter the composition of the ecirculating liquid, which will
continually tend towards the composition of the most fusible mixture of the component
ingredients. When this composition is attained the magma will no longer undergo
change by circulation and partial solidification ; and the residual mass will gradually
solidify as a uniform material.? This is undoubtedly an important suggestion, though
it may, perhaps, not be of wide applieation. Professor Brogger has pointed out that it
requires that the least fusible materials should collect along the margins, whereas the
contrary is, for the most part, the rule. This is, at least, the case in large masses,
though in dykes, where the molten material bas been rapidly chilled against walls of
cold rock, the salband or marginal selvage is often less fusible and more acid than the
centre.

From this necessarily brief and incomplete summary of published
opinions it will be seen that the problem of the cause of the differentia-
tion of igneous rocks, whether within the magma reservoirs or in
extruded masses, is one of extreme complexity, the solution of which has
not yet been reached. There seems to be no doubt that at least in
regard to bosses, sills, and dykes, the variation has been to a considerable
degree influenced by cooling, though it is less easy to conceive how this
influence could have seriously affected the composition of the great
magma reservoirs which certainly underwent a marked change during
the course of a volcanic cycle. It may be, as Brogger has said, that the
process was connected in the most intimate way with the crystallization
of the molten material, and that certain analogies may be traced between
the succession of changes involved in the processes of crystallization,
differentiation and eruption.? The subject of the crystallization of rocks
has been already referred to in this volume (pp. 302, 403-415), and the
important researches of Elie de Beaumont, Daubrée, Fouqué, Michel-
Lévy and others have been cited. But some further allusion to the
question is required here, more particularly in regard to the order of
appearance of the constituent minerals of eruptive rocks, and the possible
connection of this order with the processes of differentiation and eruption
discussed in the foregoing pages.

Crystallization of Eruptive Roeks.—The experiments of Messrs.

1 Amer. Journ. Sci. iii. (1897), p. 257.

2 Op. cit. p. 364. Out of the voluminous literature which during the last dozen of
years has gathered round this subject, it is only possible to’find room here for some of the
more important contributions. Besides the works of Teall, Harker, Sollas, Brogger, Iddings,
Michel-Lévy, Becker, Hague, Spurr and others already cited, the following memoirs are
worthy of special notice: L. V. Pirsson in 20tk Ann. Rep. U. 8. Geol. Surv. Part iii,
p- 569 ; Weed and Pirsson, B. U. S. G. S. No. 139, 1896 ; H. S. Washington, various
papers in Journ. Geol. iv. v. vi. vii. and ix., and Bull. Geol. Soc. Amer. xi. (1900), p. 389 ;
J. H. L. Vogt, Geol. Firen. Stockholm, xiii. (1891), p, 476 ; Compt. rend. Congrés. Geol.
Internat. Zurich, 1894, p. 882 ; Zeitsch. Prakt. Geol. 1894, p. 381 ; 1895, pp. 145, 367,
444, 465; 1900, p. 233 ; 1901, pp. 9, 180, 289, 327—a remarkable series of researches
regarding the separation of iron-ores in eruptive rocks, and its bearing upon the processes
of magmatic differentiation.

3 See the excellent summary by Professor Iddings, Bull. Phil. Soc. Washington, xi.
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Fouqué and Michel-Lévy demonstrated that many minerals and rocks
could be reproduced artificially by dry fusion, and that crystalline group-
ings and structures could be obtained precisely similar to those that
occur in nature. 'The researches of Daubrée showed that at high tempera-
tures and pressures water contributes powerfully to the solution of various
mineral substances and to the production of new minerals and rock-
structures, though neither he nor his French colleagues could succeed in
reproducing granitic rocks by any method they could devise. In recent
years this synthetic research has been prosecuted on a much larger scale,
and with eminent success, by Professor Morozewicz, to whose work
allusion has above been made (p. 406). We have seen that he has
succeeded in obtaining, from mixtures gf their chemical ingredients, a large
suite of minerals and a number of rocks, including rhyolite and various
basalts and andesites. But his researches have some important bearings
on the consolidation and crystallization of eruptive rocks as a whole.
His - experiments have brought out with clearness the already known
fact that the presence of alumina tends to retard the crystallization of
an alkaline silicate magma. He has found that when alumina is added
above the point of ‘saturation to such a magma, its presence promotes
the separation of aluminous silicates.. He experimented with mixtures
having the chemical composition of rhyolite and also of basalt, and
obtained produets in which the structure and order of appearance of the
minerals were similar to those of these rocks in nature. He found that
the minerals always crystallized in the same order, which is a constant
function of the chemical composition of the magma, but his experiments
led him to the conclusion that this order is not governed by any one
condition alone, such as fusibility, acidity, or basicity, but is the result
of several contributing causes, among which one of the most important
is the relation between the quantities of the several compounds in the
solution. 'Where the proportion of one of these compounds in any
magma is large, the mineral will erystallize sooner than where it is small,
and, as already pointed out, temperature comes also into play, some
minerals making their appearance most readily at lower temperatures
than those at which they can still be formed.!

Under certain conditions, more espemally in veins of a particular
kind, two mineral constituents of an igneous rock have erystallized
simultaneously, and are,mutually enclosed, one within the other. This
structure is most familiarly displayed in graphic granite (pp. 128, 206, and
Fig. 30), and in the coarse-grained veins which are known as pegmatites,
where the graphic structure is not always developed.? More usually the

(1889), pp. 65-113. The student should consnlt the series of papers by Morozewicz, cited
below; by Vogt, Zeitsch. Prakt. Geol. Nos. 1, 4, and 7, 1893 ; by Lagorio, Zeitsch., f.
Krystallog. xxiv. (1895) p. 285 ; and the suggestive Presidential Address by Mr. Teall,
Q. J. G. S. Ivii. (1901), p! 62.

1 Professor Morozewicz’s papers are contained in Newes Jahrb. 1893, ii. p. 43 ; Zeitsch.
f. Krystallog. xxiv. (1893), p. 281 ; Tschermak's Mitth. xviii. (1898), pp. 1-90, 105-240.
There is a good summary of them by Mr. Jaggar in Journ. Geol. vii. (1899), pp. 800-313.

2 See on this subject the remarks of Professor Brogger in his ¢ Mineralien der Syenitpeg-
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several minerals separated out successively, but the order of their appear-
ance is not invariable, and we are still far from comprehending the
conditions that determine the normal order and those that lead to
deviations from it. The supposition obviously suggests itself that
minerals will erystallize out of a magma in the order of their respective
fusibilities, those with the highest fusion-points separating out first.
But experience shows that such is not strictly the case. Rosenbusch
has remarked that their appearance is in the order of decreasing basicity,
ores coming first, followed by ferro-magnesian minerals, felspathic minerals,
and lastly by quartz. But there are some important exceptions to this
general rule. In granite the difficultly fusible quartz is often found
moulded round the more fusible felspar, and in dolerites the pyroxenes
may not infrequently be seen ophitically enclosed within the felspars.
The opinion has long prevailed that .in these cases the presence of water
or some other “mineralising agent” plays an important part. It has
been proved experimentally that in presence of water anhydrous silica
can be made fluid at a temperature of 300° C., which is far below its
fusion-point.!  Professor Joly has recently called attention to the
importance of discriminating between the fusion-point and the viscosity
of minerals at high temperatures. He has found that silica is a body
possessing a remarkable range of viscosity. Its fusion-point is stated to
be 1406° C.; at 1500° C. it is a very thick liquid, but about 800° C. it
becomes plastic and yields with considerable rapidity to distorting forces.
The question of time has been found to be important in determining the
fusibility of substances. When rapidly fused their fusion-points may vary
considerably. Thus leucite melts at 1030° and augite at 1140° when time
has been allowed for the development of their viscosity. But when
rapidly heated to 1300° the fluidity of leucite is the same as that of
augite at 1200°, and much more complete than that which they present
at 1030° and 1140°. At a temperature of say 1280° leucite exists in
a very viscous condition below its normal point of fusion (which is about
1300°) ; augite, on the other hand, remains quite fluid, because it is 80°
above its normal point of fusion. Hence in the cooling of a-magma
from such a temperature, the leucite can begin to crystallise and the
crystals to develop before the augite has formed any crystals, or at most.
has passed beyond the microlitic condition.?

If we regard a molten magma as a solution in which all its chemical
constituents are completely dissolved, the chief condition that must
determine the separation of these constituents is probably a sinking of
the temperature. As the mass cools the ingredient which soonest
matitginge,”” Part i. p. 148 ef seg. He describes examples of the simultaneous crystallization
of felspar with diopside, with lepidomelane, with hornblende, and with pyroxene.

1 Professor Sollas, Geol. Mag. 1900, p. 295. Professor Joly has melted quartz by
igneous fusion at a temperature of 1200° C. during eighteen hours, and has obtained from it
crystalline forms when cooled down to 915° C.

2 Joly, Sci. Proc. Roy. Dublin Soc. ix. (1900), p. 298 ; Congrés Géol. Internat. Paris,
1900, p. 691. Doelter has lately determined the fusibility of some minerals ranging from
920° (melanite) to 1400° (bronzite). He finds the Predazzo granite to soften at 1150° and
to fuse at 1240°.  T'schermak. Mitt., 1902, p. 23.
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reaches its point of saturation will usually crystallize first, and the
successive appearance of the minerals will continue until the whole
magma has crystallized, or until the remaining non-devitrified glass
becomes solid. During this process a complex series of chemical changes
is in progress. The early separation of the more basic constituents
leaves the composition of the whole mass more acid ; further reactions
are set on foot which may ultimately advance even to the reabsorption of
minerals already crystallized. Among these changes the same mineral
may make its appearance more than once during the crystallization of a
magma. Felspars, for instance, frequently appear in eruptive rocks as
the products of a first and of a second consolidation. Porphyritic erystals
or phenocrysts, which are dispersed through a fine-grained ground mass
full of smaller, sometimes microliticg forms of the same mineral, are
regarded as evidence of this succession.!

The crystallization of an intrusive igneous mass must no doubt be more
or less modified by the conditions of depth, temperature, movement, and
other causes that affect the bodies of molten material which are protruded
into the terrestrial crust. Dr. Weinschenk has especially dwelt upon
this influence as a determining factor in the production of the structure
of the central granite of the Alps. He believes that reck to have been
part of a normal granitic magma which crystallized under abnormal condi-
tions, and that it owes its mineralogical composition and characteristic
foliated structure, not to any process of subsequent dynamometamorphism,
but to the peculiar relations of tension accompanying the plication of the
mountains. To these relations he has given the name of “piezocrystalliza-
tion”—a term by which he understands an entirely primary formation of
massive rocks, wherein, besides the high tension allowed for the crystalliza-
tion of a normal deep-seated mass, we must also reckon the compression
due to orographic movements during the consolidation of the rock.?

Many rocks in consolidating from the condition of glass have taken
a spherulitic structure (pp. 131, 152), where crystalline intergrowths of
two or more minerals have started from numerous centres, and have
developed . the characteristic internal radiating fibrous arrangement and
usually globular external form. The conditions that have determined
this type of devitrification are not well understood. Mr. Whitman Cross
has suggested that in acid glasses there has first been a globular aggrega-
tion of colloid silica, in which the felspar substance is enclosed and
becomes simultaneously individualised.® Professor Iddings, from a study
of the remarkably fresh varieties of acid lavas found in the Yellowstone
Park, in many of which the spherulites are hollow (lithophyses) and of
large size, came to the conclusion that the differences in consistency and
in the phases of crystallization, producing the lamination and spherulitic
structure of these rocks, were directly due to the amount of vapours

1 See, however, the observations of L. V. Pirsson, Amer. Journ. Sci. vil. (1899), p. 271,
and W. O. Crosby, Amer. Geol. xxv. (1900), p. 299.

2 E. Weinschenk, “Beitriige zur Petrographie der Ostlichen Centralalpen,” Abkandl.
Bayer. Akad. xviii. (1894), p. 91.

3 Bull. Phil. Soc. Washington, xi. (1891), p, 436.
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absorbed in the various layers of the lava, and to their mine
influence ; the lithophyses being thus of aqueo-igneous origin,
the action of the absorbed gases upon the molten glass from which
were liberated during the crystallization consequent upon cooling.*

Classification of Eruptive Rocks according to their Tectonie
Relations.—In dealing with the occurrence of igneous rocks as part of
the architecture of the earth’s crust, we require some principle of grouping
which will enable us to arrange their various structures in such a manner
as will best convey an idea of the relation which they bear to the rest of
the crust, and of the light which they ‘can be made to throw upon the
behaviour of the molten materials of the planet, whether beneath or above
the surface. Keeping in view a useful distinction already mentioned, we
may group together all subterranean intruded masses, now revealed at
the surface after the removal of some depth of overlying rock, as one
division under the names Plutonic, Intrusive, or Subsequent. On
the other hand, we may class all those which came up to the surface as
ordinary volcanic rocks, whether molten or fragmental, and were conse-
quently contemporaneously interstratified with the formations which
happened to be in progress on the surface at the time, as a second group
under the names Volcanie, Interstratified, or Contemporaneous.

It is obvious that these can be used only as relative terms. Every
truly voleanic mass which, by being poured out as a lava-stream at the
surface, came to be regularly interstratified with contemporaneous accum-
ulations, must have been directly connected below with molten matter
which did not reach the surface. One part of the total mass, therefore,
would be included in the second group, while another portion, if ever
exposed by geological revolutions, would be classed with the first group.
Seldom, however, can the same masses which flowed out at the surface be
traced directly to their original underground prolongations.

Fig. 296.—Section showing the relative age of an Intrusive Rock (B.

It is evident that an Intrusive mass, though necessarily subsequent
in age to the rocks through which it has been thrust, need not be long
subsequent. Its relative date can only be certainly affirmed with refer-
ence to the rocks through which it has broken. It must obviously be
younger than these, even though they lie upon it, if they bear evidence
of alteration by its influence. The probable geological date of its eruption
must be decided by evidence to be obtained from the grouping of the
rocks all around. Its intrusive character can only certainly determine
the Hmit of its antiquity. We know that it must be younger than the
rocks it has invaded ; how much younger, must be otherwise determined.
Thus, a mass of granite or a series of granite veins{a-a, Fig. 296) is

L Amer. Journ. Sci. xxxiii. (1887), pp. 42, 45. See aﬁtﬁlﬁﬁ Gvlre the
artificial production of the spherulitic structure by Morozewui% and DaEyree is referred
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manifestly posterior in date to the plicated rocks (b &) through which it
has risen. But it must be regarded as older than overlying undisturbed
and unaltered rocks (¢), or than others lying at some distance (e f), which
contain worn fragments derived from the granite.

On the other hand, an Interstratified or Contemporaneous igneous
rock has its date precisely fixed by the geological horizon on which it lies.
Sheets of lava or tuff’ interposed between strata in which such fossils as
Calymene Blumenbachii, Lepteena sericea, Atrypa reticularis, Orthis elegantula,
and Pentamerus Knightii occur, would be unhesitatingly assigned by a
geologist to submarine volcanic eruptions of Upper Silurian age. A lava-
bed or tuff intercalated among strata containing Calymmatotheca affinis,
Lepidodendron veltheimianum, Lepmdma and other associated fossils, would
unequivocally prove the existence of volcanic action at the surfdce during
the Lower Carboniferous period, and at that particular part of the perlod
represented by the horizon of the volcanic bed. Similar eruptive material
associated with Ammonites, Belemnites, Pentacrinites, &ec., would certainly
belong to some zone in the great Mesozoic suite of formations. An inter-
bedded and an intrusive mass found on the same platform of strata need
not necessarily be coeval. On the contrary, the latter, if clearly intruded
along the horizon of the former, would obviously be posterior in date.
It will be understood, then, that the two groups have their respective
limits determined mainly by their relations to the rocks among which
they may happen to lie, though there are also special internal characters
that help to discriminate them.

The value of this classification for geological purposes is gredt It
enables the geologist to place and consider by themselves the granites,
quartz-porphyries, and other crystalline masses, which, though lying some-
times perhaps at the roots of ancient volcanoes, and therefore, in that case,
intimately connected with volcanic action, yet owe their special characters
to their having consolidated under pressure at some depth within the
earth’s crust ; and to arrange in another series the lavas and tuffs which,
having been thrown out to the surface, bear the closest resemblance to
the ejected materials from modern volcanoes. He is thus presented with
the records of hypogene igneous action in the one group, and with those
of superficial volcanic action in the other. He is furnished with a method
of chronologically arranging the volcanic phenomena of past ages, and is
thereby enabled to collect materials for a history of volcanic action over
the globe.

In adopting this classification for unravelling the geological structure
of a region where igneous rocks abound, the student will encounter
instances where it may be difficult or impossible to decide in which
group a particular mass of rock must be placed. He will bear in mind,
however, that, after all, such schemes of classification are proposed only
for convenience in systematic work, and that there are no corresponding
hard and fast lines in nature. He will recognise that all crystalline or
glassy igneous rocks must be intrusive at a greater or less depth from the
surface ; for every contemporaneous sheet has obviously proceeded from
some internal pipe or mass, so that, though interbedded and contem-
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poraneous with the strata at the top, it is intrusive in relation to the
strata below.

The characters by which an eruptive rock may be distinguished
are partly lithological and partly geotectonic. The lithological char-
acters have already been fully given (pp. 195-243). Among the more
important of them are the predominance of silicates (notably of felspars,
hornblende, mica, augite, olivine, &c.), and of disseminated crystals of iron
oxides (magnetite, titaniferous iron); a prevailing more or less thoroughly
crystalline structure ; the frequent presence of vitreous and devitrified
matter, visible megascopically or microscopically ; and the occurrence of
porphyritic, cellular, pumiceous, slaggy, amygdaloidal, and fluxion struc-
tures. These characters are never all united in the same rock. They
possess likewise various values as marks of eruptivity, some of them
being shared with crystalline schists which, as schists, were certainly not
eruptive. On the whole, the most trustworthy lithological evidence of
the eruptive character of a rock is the presence of glass, or traces of an
original glassy base. . We do not yet certainly know of any natural glass,
except of an eruptive origin. The occurrence or association of certain
minerals, or varieties of minerals, in a rock, may also afford presumptive
evidence of its igneous origin. Sanidine, leucite, olivine, nepheline, for
example, are, for the most part, characteristic voleanic minerals; and
mixtures of finely crystallized triclinic felspars with dark augite, olivine,
and magnetic iron, or with hornblende, are specially met with among
eruptive rocks.

But it is the geotectonic characters on which the geologist must
chiefly rely in establishing the eruptive nature of rocks. These vary
according to the conditions under which the rocks have consolidated.
We shall consider them as they are displayed by the Plutonic, or deep.
seated, and Volcanie, or superficial phase of eruptivity.!

Section i. Plutonie, Intrusive, or Subsequent Phase of Eruptivity.

We have here to consider the structure of those eruptive masses
which have been injected or intruded into other rocks, and have con-
solidated beneath the surface. One series of these masses is crystalline
in structure, but with felsitic and vitreous varieties. It includes examples
of most of the eruptive rocks, and especially of the more coarsely crystal-
line forms (granite, syenite, quartz-porphyry, granophyre, rhyolite, diorite,
gabbro, &c.). The other series is fragmental in character, and includes
the agglomerates and tuffs which have filled up volcanic orifices.

After some practice, the field-geologist acquires a faculty of dis-
criminating with more or less confidence, even in hand - specimens,
crystalline rocks which have consolidated beneath the surface, from

1 As already stated (p. 198), a chronological basis has been proposed among the other
plans for the classification of eruptive rocks. Some writers have even gone so far as to
suggest that different names should be given to eruptive rocks according to the geological
formation in which they occur, as Carbophyre, Kohlephyre, Triaphyre, Juraphyre. See
Th. Ebray, B. 8. G. F. (3), iii. p. 291.

VOL. II c



722 GEOTECTONIC (STRUCTURAL) GEOLOGY BOOK IV

those which have flowed out as lava-streams. Coarsely crystalline
granites and syenites, with no trace of any vitreous ground-mass, are
- readily distinguishable as plutonic masses; while, on the other hand,
cellular or slaggy lavas are easily recognisable as superficial outflows, or
as closely connected with them. But it will be observed that such
differences of texture, though furnishing useful helps, are not to he
regarded as always and in all degrees perfectly reliable. We find, for
example, that some lavas have appeared at or near the surface with so
coarsely crystalline a structure as to be mistaken by a casnal observer
for granite; while, on the other hand, though an open pumiceous or
slaggy structure is certainly indicative of a lava that has consolidated at
or near the surface, a finely cellular character is not wholly unknown in
intrusive sheets and dykes which have consolidated below ground. Again,
masses of fragmentary volcanic material are justly regarded as proofs of
the superficial manifestation of volcanism, and in the vast majority of
cases, they occur in beds which were accumulated on the surface, as the
result of successive explosions. Yet cases (described at p. 748) may be
found in many old volcanic districts, where such fragmentary materials,
falling back into the volcanic funnels, and filling them up, have been
compacted there into solid rock. On rare occasions, explosions of lava
within subterranean caverns may have given rise to such accumulations
of agglomerate.

The general law which has governed the intrusion of igneous rock
within the earth’s crust may be thus stated : Every fluid mass impelled
upwards by pressure from below, or by the expansion of its own
imprisoned vapour, has sought egress along the line of least resistance.
That line has depended in each case upon the structure of the terrestrial
crust and the energy of eruption. It may have been determined by an
already existent dislocation, by planes of stratification, by the surface of
junction of two unconformable formations, by contemporaneously formed
cracks, or by other more complex lines of weakness. Sometimes the
intruded mass has actually fused and obliterated some of the rock which
it has invaded, incorporating a portion into its own substance. The
shape of the channel of escape has determined the external form of the
intrusive mass, as a mould regulates the form assumed by cast-iron.
This relation offers a very convenient means of classifying intrusive rocks.
According to the shape of the mould in which they have solidified, they
may be arranged as—(1) bosses or amorphous masses, (2) sills or sheets,
(8) veins and dykes, and (4) necks.

§ 1. Bosses.

Bosses (stocks) are amorphous masses that have disrupted the rocks
through which they rise. They consist chiefly of crystalline, coarse-
textured rocks such as granite and syenite, but include also quartz-
porphyries, felsites, trachytes, diorites, gabbros, diabases, andesites,
dolerites, &c. Where rocks assume this form as well as that of sheets,
dykes, and contemporaneous beds, it is commonly observed that they
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are more coarsely crystalline when in large amorphous mass than G ©F >
any other form. Pyroxenic rocks afford many examples of this §
istic. In the basin of the Forth, for instance, while the outflows
surface have been fine-grained basalts, the masses consolidated under-
neath have generally been coarse dolerites or diabases.!

It has already been pointed out that in the consolidation of an igneous
rock, the more basic minerals have generally crystallized out first, and
that. the last portions of the mass to solidify have not infrequently a
notably more acid character than those which solidified first. Hence the
margin of an eruptive mass may show a more basic composition than the
central portions which cooled more slowly. As we have seen, a remark-
able range of composition may thus be found within the same boss.?
Again, if during the process of consolidation an intrusive mass should be
ruptured and portions of the still liquid matter be forced into the rents,
these veins or squirts will generally be found to be decidedly more acid
than the rock in which they lie.

Granite.—It was onge a firmly-held tenet that granite is the oldest
of rocks, the foundation on which all other rocks have been laid down.
This idea no doubt originated in the fact that granite is found rising
from beneath gneiss, schist, and other crystalline masses, which in their
turn underlie very old stratified formations. The intrusive character of
granite, shown by its numerous ramifying veins, proved it to be later than
at least those rocks which it had invaded. Nevertheless, the composition
and structure of gneiss and mica-schist were believed to be best explained
by supposing these rocks to have been derived from the waste of granite,
and thus, though the existing intrusive granite had to be recognised as
posterior in date, it was regarded as only a subsequent protrusion of the
vast underlying granitic crust. In this way, the idea of the primeval or
fundamental nature of granite held its ground. From what is known
regarding the fusion and consolidation of rocks (ante, p. 402 et seq.), and
from the evidence supplied by the microscopic structure of granite itself
(p. 144), this rock may be regarded as having generally consolidated under
great pressure, in presence of superheated water, with or without liquid
carbon-dioxide, fluorine, &c., conditions which probably never obtained at
the earth’s immediate surface, unless, perhaps, in those earliest ages when
the atmosphere was densely loaded with vapours, and when the atmospheric
pressure at the surface was great (p. 44). Whether the original crust
was of a granitic or of a glassy character, no indubitable trace of it has
ever been or is ever likely to be found. There can be no doubt, however,
that the oldest known rocks are either gramites, or granitoid gneisses
which have probably been formed out of granite.

The presence of granite at the existing surface is, doubtless, in all
cases due to the removal by denudation of masses of rock under which it
originally consolidated. The fact that, wherever extensive denudation of
.an ancient series of crystalline rocks has taken place, a subjacent granitic
nucleus is apt to appear, does not prove granite to be of primeval origin.

1 Bosses may not infrequently be laccolites laid bare by denudation, but without exposure
-of their foundations ; postea, p. 736. 2 See pp. 710-712, and authorities there cited.




724 GEOTECTONIC (STRUCTURAL) GEOLOGY BOOK IV

It shows, however, that the lower portions of crystalline rocks very
generally assume a granitic type, and it suggests that if, at any part of
the earth, we could bore deep enough into the crust, we should probably
come to a granitic layer. That this layer, evén if general round the
globe, is not everywhere of the highest geological antiquity, or at least
has consolidated at widely different periods, is abundantly clear from the
fact that in many cases it can be proved to be of later date than fossili-
ferous formations the geological position of which is known ; that is, the
granitic layer has invaded these formations, rising up through them, and
possibly melting down portions of them in its progress. Granite invades
and alters rocks of all ages up to late Mesozoic and Tertiary formations.
Hence, it does not belong exclusively to the earliest nor to any one geo-
logical period, but has rather been extruded at various epochs, and may
even be in course of extravasation now, wherever the conditions required
for its production still exist. As a matter of fact, granite occurs much
more frequently in association with older, and therefore lower, than with
newer and higher rocks. But a little reflection shows that this ought to
be the case. Granite, having a deep-seated origin, must rise through the
lower and more ancient masses before it can reach the overlying more
recent formations. But many protrusions of granite would, doubtless,
never ascend beyond the lower rocks. Subsequent denudation would be
needed to reveal these protrusions, and this very process would remove
the later formations, and, at the same time, any portions of the granite
which might have reached them.

Granite frequently occurs in the central parts of mountain chains ;
sometimes it forms there a kind of core to the various gneisses, schists,
and other crystalline rocks. It appears in large eruptive bosses, which
traverse indifferently the rocks on the line of which they rise, and com-
monly send out abundant veins into them. Sometimes it even overlies
schistose and other rocks, as in the Piz de Graves in the upper Engadine,
where a wall-like mass of granite, with syenite, diorite, and altered rocks,
may be seen resting upon schists.! In the Alps and other mountain
ranges, it is found likewise in large bed-like masses which run in the same
general direction as the rocks with which they are associated.?

Reference has already been made (p. 204) to some of the more marked
varieties of texture and structure in granite bosses. To a few of these
further and more detailed remarks may be appropriately inserted here.
The patches or enclosures in granite, which differ in colour, texture, and
composition from the general mass of the rock, may be grouped in two
divisions: 1st, Angular or subangular fragments, probably in most cases
derived from the rocks through which the granite has been protruded.
These are sometimes tolerably abundant towards the outer margin of a

1 Studer, ‘Geologie der Schweiz,” i. p. 290.

2 On the granite of the Alps, see Michel-Lévy, Bull. Carte. Géol. France, No. 9, 1890,
No. 36, 1893 ; Duparc et Mrazek, Mém. Soc. Phys. Hist. Nat. Genéve, xxxiii. No. 1 (1898) ;
D. Stur, Verh. k. k. Geol. Reichsanst, v. (1854), p. 818 ; C. Schmidt, Beitr. Geol. Karte,
Schwedz. Liefer. xxi. (1891) ; E. Weinschenk, Abhandl. Bayer. Akad. ii class. xviii, (1894),.
p. 67.
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boss. They usually show considerable contact-metamorphism, due no
doubt to the influence of the eruptive rock in which they are enclosed.
2nd, Globular or rounded concretions, due to
some process of segregation and ecrystallization,
in the original still unconsolidated granite.
Examples of this nature oceur in the Cornish and
Devon granite, as in Fig. 297, which was long
ago cited by De la Beche as showing a central
cavity (a), not quite filled with long crystals of
schorl surrounded with an envelope of quartz
and schorl (4), outside of which lies a second
envelope (¢) of the same minerals, the schorl
predominating, the whole being contained in a
light flesh - coloured and markedly felspathic
granite (d). But more remarkable concretionary
forms have since been observed in many granites, Fis 207.—Crystalline geode in
- N % granite, Dartmoor (B.).

some of them presenting an internal radial con-

centric arrangement, and recalling the orbicular structure of some diorites
(Napoleonite) (Fig. 8). Such concretionary aggregations are generally
more basic than the surrounding granite.!

Of more importance, as affecting a much larger proportion of a granite
boss, are the differences of texture and of structure not infrequently trace-
able from the margin to the centre. Like most intrusive rocks, granite is
apt to be more close-grained at its' contact with the surrounding strata
than in the centre of its mass, though it does not show this contrast so
strikingly as the more hasic rocks, such as gabbro, diabase, and dolerite,
probably because it was injected at depths where the surrounding rocks
were hot, whereas the basic rocks visible at the surface were, for the most
part, erupted among cool rocks, where along the contact the igneous masses
were rapidly chilled. Certain characteristic varieties of texture and even
to some extent of composition may be recognised in many granite areas.
In particular the marginal portions not infrequently present a foliated
arrangement which simulates the structure of gneiss, the folia being
rudely parallel to the margin of contact and either vertical or dipping
at high angles away from the core of granite. It has been already
stated that in some granite bosses a striking gradation can be traced
even into picrites and serpentines.

A detailed study has been made by Professor Charles Barrois of the granulites (i.e.
granites with two micas) of the Morbihan in Brittany. He has shown that the large
bosses, measuring some hundreds of square kilometres, present cerfain well-marked
modifications not only of structure but of composition, as they are traced from the
centre to the periphery, while the smaller bosses show no such modifications and are
to be regarded merely as apopliyses from those of large size. The modifications along
the contact do not arise from any exchange of substance between the granite and the
surrounding rock, but solely from the influence of cooling which has affected the orienta-
tion of the minerals, their grouping and their order of crystallization. Where the

1 See the papers on orbicular granite cited on p. 206, also Harker and Marr, Q. J. G. 8.
xlvii. (1891), p. 280. i
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granite has risen parallel to the strike of the adjacent strata, it usually passes from its
ordinary granular into a porphyroid structure, with its large constituents arranged
parallel as in flow-structure ; where, on the other hand, it breaks across the bedding, it
has assumed a finely granular massive character (aplite) with its crystalline constituents
showing regular geometric forms. These variations are thus proved, in this particular
instance, to depend on the influence of the surrounding envelope, which though chemically
inactive, offers considerable diversity as a conductor of heat and of pressure. The
crystallization of the constituents of the rock took place progressively from the outside
inwards, that is, from a mass still in motion across a magma that had come to rest and
which shows now no trace of flow. But besides this marginal band of ‘¢ porphyroid
granulite,” the external portions of the southern flanks of the bosses present a remark-
able schistose structure which, likewise limited to a peripheral zone, resembles that of
gneiss, both fine-grained and glandular (augen-gneiss). Examined in detail the mica-
flakes of this gneissic band are found to be torn and drawn out, the felspar crystals
deformed, broken, and blunted, indicating the powerful mechanical forces which have
affected the rock. These crushed constituents have subsequently been re-cemented by
membranes and fibres of white sericitic mica, sometimes of black mica, and by sheets of
secondary granular quartz, formed out of the triturated débris of the older ingredients.
Considering the gradual passage of these schistose selvages into the ordinary granular
rock, and the further fact that the schistose structure occurs only on the southern flanks
of the granitic bosses of the Morbihan, Dr. Barrois attributes this structure to a power-
ful lateral pressure which has acted in a direction from south to north.!

Relation of Granite to contiguous Rocks.—From an early
period the attention of geologists has been given to the evident
mineralogical change which has taken place among stratified rocks as
they approach a mass of granite. This change is developed within a ring
or areola (Fig. 300) which encircles the granite, and varies in breadth
from a few yards to two or three miles, The most intense alteration is
found next the granite, while along the outer margin of the areola the
normal character of the rocks is resumed. In some cases, however, no
perceptible trace of alteration can be detected next a mass of granite. Of
the Kuropean examples of contact-metamorphism, those of Devon and
Cornwall, Ireland, Scotland, the Harz, Vosges, Pyrenees, and Norway
have long been known. Instructive illustrations of the same features have
been found all over the world. The nature of the metamorphism thus
superinduced upon rocks is more particularly discussed at pp. 778-783.
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Fig. 298.—Section across part of the granite belt of the south-east of Ireland.

a, Granite ; b b, patches of Lower Silurian rocks lying on the granite at various distances from the
maiu Lower Silurian area, ¢ c.

o

The south-east of Ireland supplies an admirable illustration of the relation between
granite and its surrounding rocks (Fig. 298). A mass of granite 70 miles in length and
from 7 to 17 in width stretches there from north-east to south-west, nearly along the
strike of the Lower Silurian rocks. These strata, however, have not been upraised by it
in such a way as to expose their lowest beds dipping away from the granite. On the
contrary, they seem to have been contorted prior to the appearance of that rock ; at

1 Ann. Soc. Géol. Nord. xv. (1887), pp. 1-40.
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least they often dip towards it, or lie horizontally or undulate upon it, apparently with-
out any reference to movements which it could have produced. As Jukes showed,
the Silurian strata are underlain by a vast mass of Cambrian rocks, all of which must
have been invaded by the granite before it could have reached its present position. He
infers that the granite must have slowly and irregularly eaten its way upward through
the Silurian rocks, absorbing much of them into its own mass as it rose. For a mile or
more, the stratified beds next the granite have been altered into mica-schist, and are
pierced by numerous veins from the invading rock. Within the margin of the granitic
mass, belts or rounded irregular patches of schist (b b) are enclosed ; but in the central
tracts, where the granite is widest, and where therefore we may suppose the deepest
parts of the mass have been laid bare, no such included patches of altered rock occur.
From the manner in which the schistose belt is disposed round the granite, it is evident
that the upper surface of the latter rock, where it extends beneath the schists, must be
very uneven. Doubtless the granite rises in some places much nearer to the present
surface of the ground than at others, and sends out veins and strings which do not
appear above ground. If, as Jukes supposed, a thousand feet of the schists could be
restored at some parts of the granite belt, no doubt the belt would there be entirely
buried ; or if, on the other hand, the same thickness of rock could be stripped off some
parts of the band of schist, the solid granite underneath would be laid bare. The extent
of granite surface exposed must thus be largely determined by the amount of denudation,
and by the angle at which the upper surface of the granite is inclined beneath the
schists. Where the inclination is high, prolonged denudation will evidently do com-
paratively little in widening the belt.! But where the slope is gentle, and especially
where: the surface undulates, the removal, for some distance, of a comparatively slight
thickness of rock, may uncover a large breadth of underlying granite. Portions of the
metamorphosed rocks left by denudation upon the surface of the granite boss, are relics
of the deep cover under which the granite no doubt originally lay, and, being tougher
than the latter rock, they have resisted waste so as now to cap hills and protect the
granite below, as at the mountain Lugnaquilla (L in Fig. 298), which rises 8039 feet
above the sea.

Fig. 299.—Section of Slievenamaddy, Mourne Mountains.
a a, Lower Silurian strata dipping at high angles ; b b, Dykes of basalt (inelaphyre), cutting these strata
but truncated by the granite ¢, which along the outer margin and in extruded veins passes into a
quartz-porphyry, d d.

Observations by Professor Hull and Mr. Traill, have shown that in the Mourne
Mountains, a mass of (probably Tertiary) granite has in some parts risen up through
‘highly inclined Silurian rocks, which consequently seem to be standing almost upright
upon an underlying boss of granite. The strata are sharply truncated by the crystalline
mass, and are indurated but not otherwise altered. The intrusive nature of the granite
is well shown by the way in which numerous dykes of dark melaphyre are cut off when
they reach that rock.? The accompanying diagram (Fig. 299) is taken from one of the
sections in which this structure is portrayed by these observers.

1 See Jukes’s ¢ Manual of Geology,” 8rd ed. p. 243.
2 Horizontal Section No. 22, Geol. Surv. Ireland.
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In the Lower Silurian tract of the south of Scotland several large intrusive bosses of
granite occur (Fig. 300). The strata do not dip away from them on all sides, but with
trifling exceptions maintain their normal N.E. and S.W. strike up to the granite on one
side, and resume it again on the other. The granite indeed has not merely pushed aside
the strata so as to make its way past them, but actually occupies the place of so much
Silurian greywacke and shale, which have disappeared, as if they had heen pushed or
blown out, or had been melted up into the granite. There is usually a metamorphosed
belt of about a mile in width, in which, as they approach the granite, the stratified rocks
assume a thoroughly schistose character. Numerouns small, dark, often angular patches
or fragments of mica-schist may be observed in the marginal parts of the granite.
Occasionally granite-veins protrude from the main masses; in the metamorphosed
zone which surrounds the Criffel granite area in Kirkendbright, hundreds of dykes and
veins of various felsitic or elvanitic rocks oceur (see p. 739).1

Similar features are presented by the granite bosses of Devon and Cornwall, which
have risen through Devonian and Carboniferous strata. The Dartmoor mass is
specially instructive. As shown by the early work of De la Beche, it passes across the
boundary between the Devonian and Carboniferous areas, extending chiefly into the
latter, so that it cuts across strata of different ages. In doing so it has risen irresistibly
through the crust, without seriously affecting the general strike of the rocks. It cuts
voleanic bands, as well as grits and shales, into which it sends veins.®

A striking feature along the marginal parts of some granites is the extent to which
they have absorbed or incorporated the material of the rock through which they have
risen. In some cases all that can be recognised of the sedimentary rocks thus attacked
is in shreds, patches, and streaks imbedded in a paste of igneous origin. Such a paste is
described by Mr. Teall asillustrated by a cordierite gneiss from Aberdeenshire, where the
igneous constituents are represented by oligaclase, biotite, orthoclase, and quartz, while
the sedimentary portion is indicated by cordierite, quartz, biotite, sillimanite, iron-ores,
and a green spinel.> The process of absorption is perhaps best seen where the invaded
rock is markedly basic, as where gabbro has been attacked by granophyre in the north-
east of Ireland, the Lake district, and the north-west of Scotland, to which reference
will be made on a later page (p. 776). So far as observation has yet gone, this incor-
poration of foreign material is mainly a peripheral phenomenon among intrusive rocks.
How far it has ever been carried into the body of a great granite mass, so as appreciably
to affect the structure and composition of the body of the rock, has not been ascertained.

Injection of Granite—Granitisation.—The permeation of different
rocks by granitic material has been much studied in recent years. M.
Michel-Lévy, who has devoted especial attention to the subject, believes
that two types of this permeation may be recognised. In the
one case the material has so absorbed the surrounding rocks that no line
of demarcation can be drawn between them. In the second type the
granitic magma has insinuated itself between the finest divisional planes
of the schists, saturating them and forming alternate folia of schist
and granite. This remarkable structure, termed by the distinguished
French geologist lit-par-lit injection, was first described by him from ex--
amples which he had met with in France. He saw that so minute and

1 Explanation of Sheets 5 and 9, Geological Survey of Scotland. The contact-meta-
morphism of these granite bosses is described postea, p. 779.

2 De la Beche, ¢ Report, Devon and Cornwall,” p. 165. J. A. Plillips, Q. J. G. S
xxxiv. p. 493. Compare the action of the Tertiary granites of Skye, Trans. Roy. Soc. Edin.
xxxv. (1888), Fig. 56, p. 170, and the papers of Harker and Sollas, cited postea, p. 776.

3 Address, . J. G. S. lviii. (1902), p. 1xxiv.
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intimate was the interpenetration of the granitic material that the
resulting aggregate became neither a true granite nor an ordinary schist.
The quartz and felspar have erystallized between the planes of stratifica-
tion, cleavage, or foliation so as to transform, for example, a clastic clay-
slate into a rock which could only with difficulty be discriminated from
ancient gneisses.! A similar structure is displayed in many parts of the
Scottish Highlands. Messrs. Horne and Greenly have described an in-
structive example of it from Sutherland. They show that the whole mass of
rock must have remained for a long time at a high temperature, for even
where the granite sends sills and veins into the schists it never shows any
sharp fine-grained or ‘chilled ” edges, but seems to merge insensibly into
the environing rock, through a series of thinner and thinner lenticles, or by
a dovetailing with the biotitic folia of the gneiss. The granites them-
selves are likewise foliated, part of this structure being apparently due to
the incorporation of the quartzo-felspathic elements of the schists into
those of the granite, every gradation being traceable from inclusions
that retain their natural orientation down to the merest trains of mica-
flakes.? ‘
In connection with this subject it may here be remarked that the close
relationship between granite and the crystalline schists has long been
recognised. It was formerly believed by many geologists that some granite
is of metamorphic origin, that is to say, may have been produced by the
gradual softening and recrystallization of other rocks at some depth
within the crust of the earth. As gradations can be traced from gneiss
through less distinctly crystalline schists into unaltered strata, the granite
into which such gneiss seems to pass was looked upon as the extreme of
metamorphism, the various schists and gneisses being less advanced stages
of the process. Subsequent observation has shown that though granite
must be regarded as properly an eruptive and not a metamorphic rock,
yet that such a transformation alike of altered sediments and of the
granite itself as are involved in lif-par-lif saturation, introduces us to a
kind of double metamorphism, in view of which the old idea of meta-
morphic granite does not now appear so utterly contrary to nature.
Connection of Granite with Volcanic Rocks.—The manner in
which some bosses of granite penetrate the terrestrial crust strongly re-
calls the structure of voleanic necks or pipes (p. 748). The granite is
found as a circular or elliptical mass which seems to descend vertically
through the surrounding rocks without seriously disturbing them, as if a
tube-shaped opening had been blown out of the crust of the earth, up
which the granite had risen. Several of the granite masses of the south
of Scotland, above referred to, exhibit this character very strikingly (Fig.
300). That granite and granitoid rocks have probably been associated
with voleanic action is indicated by the way in which they occur in con-
nection with the Tertiary voleanic rocks of Skye, Mull, and other islands
in the Inner Hebrides. Jukes suggested many years ago that granite or

1B 8. G S F ix. (1881), p. 187 ; xvi. (1888), p. 221, “Sur Vorigine des Terrains
crystallins primitifs.”
2 Q. J. 6. 8. lii, (1896), p. 633.



730 GEOTECTONIC (STRUCTURAL) GEOLOGY BOOK IV

granitoid masses may lie at the roots of voleanoes, and may be the source
whence the more silicated lavas proceed.!

'Bosses of other rocks than Granite.—On a smaller scale usually than
granite, other crystalline rocks assume the condition of amorphous bosses.
Diorite, syenite, quartz-porphyry, gabbro, and members of the diabase
and basalt family have often been erupted in irregular masses, partly
along fissures, partly along the bedding, but often involving and appa-
rently melting up portions of the rocks through which they have made
their way. Such bosses have frequently tortuous boundary-lines, since
they send out veins into, or cut capriciously across, the surrounding
rocks.

Fig. 300.—Plan of granite boss, Cairnsmore of Fleet, Scotland.

The granite area (c) is fromn 7 to 10 miles in diameter, rising through highly inclined Lower Silurian
strata (), among which are some conspicnous bands of black anthracitic and graptolitic shales (b b).
The arrows show the direction of dip; the parallel lines that of the strike. The ring within the
dotted line round the granite defines the areola of metamorphism,

In Wales, as shown by the maps and sections of the Geological Survey, the Lower
Silurian formations are pierced by huge bosses of different crystalline rocks, mostly in-
cluded under the old term ‘ greenstone,” which, dfter running for some way with the
strike of the strata,.turn round and break across it, or branch and traverse a consider-
able thickness of stratified rock. In Central Scotland, numerous masses of dolerite or
diabase have been intruded among the Lower Carboniferous formations. One horizon
on which they are particularly abundant lies about the base of the Carboniferous Limestone
series.  Along that horizon, they rise to the surface for many miles, sometimes ascend-
ing or descending in geological position, and breaking here and there abruptly across
the strata.? Gaps occur where they do not appear at the surface, but as they resume
their position again not far off, it may be presumed that they are really connected under
these blank intervals. In the Inner Hebrides huge bosses of gabbro occur as well as
granophyre and other acid rocks in the midst of the Tertiary volcanic series.

Effects on Contiguous Rocks.—The contact-metamorphism around
bosses of diorite and other rocks includes alteration of the texture and

1 ¢ Manual of Geology,” 2nd ed. p. 93 ; A. G., Trans. Geol. Soc. Edin. ii. p. 301 ; Trans.
Roy. Soc. Edin. xxxv. (1888), p. 150 ; Judd, . J. G. S. xxx. p. 220 ; Reyer, Jahrb. Geol.
Reichsanst. 1879, p. 405, and his ¢ Beitrag zur Physik der Eruptionen.’

2 A. G., Trans. Roy. Soc. Edin. xxix. p. 476.
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even the mineralogical composition of the rocks through which the ntrusivs
material has been erupted. The amount and nature of the chafge pro-
duced vary with the character and bulk of the eruptive mass, as
with the suseeptibility of the surrounding materials to alteration. Diorite,
diabase, melaphyre, basalt, felsite, and other eruptive rocks are not
infrequently accompanied by considerable metamorphism of the adjacent
strata, though the change seldom approaches the intensity of that around
large areas of granite. These phenomena are manifested also by intrusive
sheets, dykes, veins, and necks. They belong to the series of changes
embraced under the head of contact-metamorphism, and are grouped to-
gether for description in the next Part (pp. 776-785).

Effects on the Eruptive Mass.—Allusion has been made above to
the displacement of rocks by eruptive bosses, as if the original material
that filled the present area of these bosses had been blown out, pushed
up, or melted down into the advancing column of the igneous magma.
If any serious amount of material were incorporated by fusion into an
eruptive mass we should expect to be able to detect some change in the
chemical composition or crystalline structure of the rock so affected.
Reference has already (p. 710) been made to examples of this kind in the
case of granites, granophyres, or other acid rocks which have assimilated
portions of such a hasic rock as gabbro. But though probably on a smaller
scale, some comparable change may be expected along the contact of much
more basic rocks than granite. There is reason, for instance, to suspect
that the thick dolerite sills of Central Scotland, above alluded to, have
attacked the strata, particularly the limestones, through which they have
risen. The observations and deductions of Dr. Stecher on the variations
in the composition of these intrusive sheets (postea, p. 775) deserve con-
sideration, for they appear to indicate that considerable petrographical
differences may be induced on a basic igneous mass by the incorporation
into its substance of portions of the surrounding rocks. A remarkable
change is superinduced on basic intrusions when they come in contact
with coal or with carbonaceous shales. They become pale in colour and
earthy in texture, and assume the aspect of ““white trap” (p. 775).

Connection with Voleanic Action.—There can be little doubt
that in regard to eruptive masses, particularly of the dioritic, gabbro, and
doleritic or basaltic series, though the portions now visible consolidated
under a greater or less depth of overlying material, they must in many
cases have been directly connected with superficial voleanic action. Some
of them may have been underground ramifications of the ascending molten
rock, which poured forth at the surface in streams of lava, though these
superficial portions have been removed by denudation. Others may mark
the position of intruded masses which were arrested in the unsuccessful
attempt to open a new volcanic vent. The gabbro and granophyre
bosses of the Inner Hebrides were undoubtedly a part of the general
Tertiary volcanic phenomena of that region.

Connection with Crystalline Schists.—In some regions masses
of diorite, gabbro, diabase, &c., associated with crystalline schists have
undergone such a rearrangement of their component minerals as to pass into
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amphibolites and hornblende-schists. These changes are well developed
in the Saxon Granulitgebirge and in the North of Scotland. They are
further referred to at pp. 735, 787, 797, 889, 893, and Figs. 266, 367.

§ 2. Sills, Intrusive Sheets.

Eruptive masses have been intruded be-
tween other rocks, and now appear as more
or less regularly defined beds. In many
cases, it wil be found that these intrusions
have taken place between the planes of
stratification. The ascending molten matter,
after breaking across the rocks, or rather, after
ascending through fissures, either previously
formed or opened at the time of the outburst,
has at last found its path of least resistance
to lie along the bedding-planes of the strata.
Accordingly it has thrust itself between the
beds, raising up the overlying mass, and
solidifying as a nearly or exactly parallel cake,
sheet, or sill.

It is evident that one of these intercalated
sheets must present such points of resemblance
to a subaerial stream of lava as to make it
occasionally a somewhat difficult matter to
determine its true character, more especially
when, owing to extensive denudation, or other
cause, only a small portion of the rock can
now be seen. Intrusive sheets are marked
by the following characters, though these must
not be supposed to be all present in every
case. (1) They do not rigidly conform to the
bedding of the rocks among which they are
intercalated, but sometimes break across it,
and run along on another platform. (2) They
catch up and involve portions of the surround-
ing strata. (3) They sometimes send veins
into the rocks above and below them.
(4) They are connected with dykes or pipes
which, descending through the rocks under-
neath, have been the channels by which the
sills were supplied. * (5) They are commonly
most close-grained at their upper and under
surfaces, and most coarsely crystalline in
the central portions. (6) They are rarely
cellular or amygdaloidal. (7) The rocks both
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Fig. 801.—Sill intercalated among the Tertiary bedded basalts, Stromé, Faroe Islands.
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above and below them are usually hardened and otherwise more or less
altered.!

The term ¢‘8ill” is derived from the remarkable example in the north of England,
which has long been known as the Great Whin Sill.2 This intrusive sheet is traceable
for a distance of 80 miles and has a total area of perhaps not less than 1000 square
miles. It varies in thickness from less than 20 to as much as 150 feet, but averages
from 80 to 100 feet. It is clearly intrusive, for it breaks across from one platform of
strata to another, metamorphosing the rocks with which it is in contact (Fig. 302 and
p. 773).

Fig. 802.—Section showing the position of the Great Whin Sill between the Limestone escarpment on
the west and the Millstone Grit hills east of Teesdale.
1, Silurian strata ; 2, Carboniferous Limestone series ; 3, the Great Whin Sill, which becomes thinner
and rises to a higher stratigraphical position as it goes westward ; 4, Millstone Grit.

Another well-known and (from its association with the Huttonian and Wernerian
disputes) classical example of this struncture is the mural escarpment called Salisbury
Crags at Edinburgh (Fig. 303).% This is a sill of crystalline diabase (dolerite), which

Fig. 808.—Diagrammatic view of Salisbury Crags, Edinburgh—a Sill in Carboniferous sandstenes
and shales.

can be traced for a distance of 1500 yards, lying among the red and grey sandstones,
shales, and impure limestones which lie at the base of the Carboniferous system of
Central Scotland. As the general dip of the rocks is north-easterly, the sill forms a lofty
cliff facing west and south, from the base of which a long grassy slope of débris stretches

1 NMr, E. Howe, as above cited (p. 329), has conducted some experiments to illustrate the
intrusion of igneous material suggested by the structure of the laccolites of the Black Hills.
21st Rep. U. 8. G. 8. (1901), pp. 163-305.

2 See Topley and Lebour, Q. J. G. S. xxxiii. (1877), p. 406 ; J. J. H. Teall, op. cit.
1884 ; Hutchings, Geol. Mag. (1898), pp. 69, 123. The word “Sill”’ was probably applied
by the inhabitants to this flat cake of dark stone at the base of the hills, from its fancied
resemblance to the sill or threshold of a house.

3 Another analogous sill which forms the picturesque rock of Stirling Castle has been
deseribed by Mr. H. Monckton, Q. /. G. S. 1i. (1895), p. 480.
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down to the valley in front. Its thickness at the highest part is about 80 feet, but at a
distance of 650 yards to the north this thickness diminishes to less than a half. At
first, the diabase might be taken for a conformable sheet, regularly interposed between
the sedimentary strata. But an examination of the beds on which it rests shows that it
transgressively passes over a succession of platforms, and eventually comes to rest at the
east end on strata somewhat lower in geological position than those at the north end.
Moreover, another parallel intrusive sheet intercalated in a lower portion of the sand-
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Fig. 304.—Section at base of south front of Salisbury Crags, showing portion of strata cut out by
intrusive diabase. «, sandstones, shales, &c.; b, diabase. Length of section, 22 feet.

stone series gradually approaches the rock of Salisbury Crags. They are both trans-
gressive across the strata, and they appear to unit in a large mass called Samson’s Ribs.

On the west front, a Jarge dyke-like mass of the diabase descends vertically through
the sandstones, and has been regarded as not improbably a pipe or feeder, up which the
molten rock originally rose (Fig. 303). Along the southern face of the escarpment,
several instructive exposures show the behaviour of the diabase to the strata through
which it has made its way. In Fig. 304, for example, a portion of the underlying

R
aiy,

N
: ro
IR

Fig. 305. Fig. 306.
Fig. 305.—Mass of sandstone and shale (a) iinbedded in the diabase (b) of Salisbury Crags, and
injected with veins and threads of it.

Fig. 306.—Junction of intrusive diabase with sandstone, Salisbury Crags. Magnified 20 diameters.—
The granular portion at the bottom of the drawing is sandstone, a part of which is involved in
the diabase that ocenpies the rest of the slide. The darker portion next the sandstone is a vitreous
substance which has been serpentinized. Tt contains erystals of plagioclase and vapour vesicles
drawn out in the direction of flow. Above the darker part the glassy condition rapidly passes
into ordinary but minutely crystalline diabase. The rock has been considerably altered, calcite
occupying many of the vesicles and fissures.

strata having been carried away, the diabase has wedged itself below one of the
remaining broken ends. Again, veins and threads of the eruptive rock have been
injected into fragments of the strata caught up in its mass (Fig. 805). The strata in
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contact with the diabase have been much hardened, the shales being converted into a
kind of porcellanite, and the sandstones into quartzite! The diabase in the centre of
the bed is a coarse-grained rock, in which the component minerals can readily be detected
with a lens, or even with the unassisted eye. But as it approaches the sedimentary
beds, above and below, it becomes finely crystalline. I have had sections cut for the
microscope, showing the actual junction of the tworocks (Fig. 306). In these it is interest-
ing to observe that the diabase, for about the eighth of an inch inwards from its edge,
consists mainly of an altered glass in which lie well-formed crystals of triclinic felspar
and numerous opaque tufted microlites (probably augite and iron ores). Aninch back from
the edge, the glass and the microlites have alike disappeared, and the rock is merely a
crystalline diabase,* though finer in grain than in the central portions of the bed.
Numerous steam- or gas-vesicles occur in the vitreous part, some of them empty, but
mostly filled with calcite or a brown ferruginous earth. There can be little doubt that
- the vitreous structure of this marginal film was originally that of the whole rock. The
thinness of the glassy crust is in harmony with all that is known as to the feeble
thermal conductivity of lava. When the rock was intruded, it was no doubt a molten
glass containing much absorbed vapour, the escape of which at its high temperature was
probably the main agent in indurating the adjacent strata. This greater closeness of
texture at the contact, due to rapid solidification against a cold surface, forms one of
the distinguishing marks of an intrusive as contrasted with a contemporaneous sheet
(p- 753). Microscopic examination of these marginal parts in many of the intrusive
sheets of Central Scotland, shows that even where no distincet glass remains, the rock is
crowded with black opaque microlites arranged in a delicate geometric network. Back
from the surface of contact, the microlites disappear, and the magnetite or titaniferous
iron assumes its ordinary erystalline and often indeterminate or imperfect contours.

Fig. 807.—Section across Schiehallion, Perthshire, Scotland.
1, Mica-schists ; 2, Limestone bands ; 8, Graphitic schists ; 4, Quartz-schists ; f, Fault,
The thick black lines mark intercalated epidiorite sills.

In regions of crystalline schists, sills sometimes play a conspicuous part. Thus, in
the Scottish Highlands, sheets of intrusive material injected among the original sediments
have been plicated and metamorphosed together with these strata, and now appear as
epidiorite and amphibolite-schist (Figs. 307 and 370). They occur on various horizons,
and break across into higher or lower parts of the series.

Another lithological characteristic of the intrusive, as compared with
the interstratified sheets, is the considerable variety of composition and
structure which may be detected in different portions of the same mass.
A rock which at one place gives under the microscope a crystalline-
granular texture, with the mineral elements of diabase, will at a short
distance show a coarsely crystalline texture with abundant orthoclase
and free quartz—minerals which do not belong to normal diabase—or
may be traversed by veins of fine-grained siliceous material. These

1 Mr. Sorby has observed in specimens from this locality sliced by him for microscopic
examination that the fluid cavities in the quartz-grains have been emptied. @.J. G. S
xxxvi., Address, p. 82. But see Dr. Stecher’s papers quoted p. 775. He describes the
contact phenomena of the Carboniferous sills in the basin of the Forth.
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differences; like those above referred to as noticeable among amorphous
bosses, seem to point to successive stages in the consolidation of a molten
magma, of which the more basic constituents separated first. But some-
‘times they suggest that great intrusive sheets have here and there
involved and melted down portions of rocks, and have thus acquired
locally an abnormal composition.!

Mr. G. K. Gilbert has described, under the name of “Laccolite,” a
variety of the sill-structure, which he observed originally in the Henry
Mountains, Southern Utah, and which has since been recognised in many
other districts. Large bosses of igneous material have risen from
beneath, but instead of finding their way to the surface, have spread out
laterally and pushed up the overlying strata into a dome-shaped elevation
(Fig. 308). Here and there, smallet sheets proceeding from the main
masses have been forced between the beds, or veins have been injected
into fissures, and the overlying and contiguous strata have been consider-
ably metamorphosed.?2 Subsequent denudation may expose a laccolite as
a boss (p. 723).

Fig. 808.—Ideal section of three *‘ Laccolites,” after Gilbert.

Effects on Contiguous Rocks. — Admirable examples of ®the
alteration produced by eruptive masses are: not uncommonly presented
at the contact of intrusive sheets with the surrounding rocks. Induration,
decoloration, fusion, the production of a prismatic structure, conversion
of coal into anthracite, of limestone into marble, and other alterations,
may be observed. The nature of these changes is described at p. 766 ef seq.

Connection with Volcanic Action.—Many voleanic rocks occur
in the form of sills, as quartz-porphyry, rhyolite, orthophyre, trachyte,
diorite, melaphyre, diabase, dolerite, basalt, serpentine and others. The
remarks above made regarding the connection of intrusive bosses with

1 A. G., Trans. Roy. Soc. Edin. xxix. p. 492. Clough, Geol. Mag. 1880, p. 433. See
also J. J. H. Teall, Q. J. G. 8. xl.p, 247 ; xlviii. p. 104, and Stecher’s papers already cited.

2 ¢ (eology of the Henry Mountains,” U.S. Geog. and Geol. Survey, Washington, 1877 ;
Jowrn. Geol. iv. p. 816 ; Whitman Cross, 14tk Ann. Rep. U.S. Geol. Surv. 1892-93, A
similar structure was figured and described by C. Maclaren, ‘Geol. of Fife and Lothians,”
1889, pp. 100, 101. The gabbros of Skye have been injected in this way into the sheets of
the great basalt-plateau. A. G., Trans. Roy. Soc. Edin. xxxv. (1888), p. 122. See also
J. D. Dana, dmer. Journ. Sci. xliii. (1891), p. 79.
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Intrusive sheets abound in old volcanic districts, intimately
with dykes and surface-outflows, thus bringing before our eyes
the underground mechanism of volcanoes. They frequently occur among
the rocks that lie beneath a mass of ejected lavas and tuffs, or traverse
the lower, sometimes even the upper parts of the volcanic mass. In
some cases, therefore, they may mark later stages of eruption when the
orifices of discharge had become choked up and the subterranean energy
only sufficed to inject the magma between the bedding of the rocks
below ground but not to impel it to the surface, while in other instances
they may belong to the time before the magma had been able to effect
an egress to the surface, and when it was consequently forced between
the strata at some depth below.” It is observable that later intruded
masses are often more acid than the lavas previously erupted.!

Among the Pal®ozoic and Tertiary volcanic regions of Britain numerous illustrations
of associated sills are to be found. Some of the most striking are those that emerge
from beneath the great erupted masses of Arenig and Bala age in North Wales. Admir-
able examples occur among the Carboniferous volcanic rocks of the basin of the Forth.?
The Tertiary sills injected among Carboniferons and Cretaceous rocks of Antrim and
the Jurassic rocks of the Inner Hebrides are likewise conspicuous for size and abundance.3
The extent to which lava may be injected in thin layers between the planes of the
strata is strikingly displayed near the base of the great basalt platean of Skye. In
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Fig. 309.—Thin Intrusive Sheets and Veins injected into carbonaceous shales lying between lavas,
south of Portree, Skye.
Fig. 309, for example, a section is represented of a band of carbonaceous shale, eight or
nine feet thick, intercalated between a slaggy vesicular dolerite () and a finely vesicular

1 A. G, Trans. Roy. Soc. Edin. xxxv. (1888), p. 143. Q. J. G. S. xlviii. (1892), Address,
p. 177. ¢ Ancient Volcanoes of Great Britain,’ ii. p, 477.

2 Trans. Roy. Soc. Edin. xxix. p. 474.

3 Op. cit. xxxv. (1888), p. 111. ‘Ancient Volcanoces of Great Britain,” chaps. xlii.
xliv. and xlviii,
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basalt (/). In the portion of this band marked d, two or three feet in thickness, more
than a dozen thin sills of basalt have been thrust between the strata of shale. Some
of these have broken up into detached nodule-like portions, so as to resemble true
sedimentary concretions. The thicker sheets (¢) are here and there connected with
veins (¢), which cross the thinner sills or (¢) traverse the overlying basalt (f). Probably
the latest rock of the group is the dyke (g). Such a section brings vividly before the
mind the energy and persistence with which molten material has been injected along
those platforms whereon, as in this shale band, it could most easily force its way.?

§ 3. Veins and Dykes.

The term “vein” is rather vaguely employed by geologists. Tt is
used as the designation of any mass of mineral matter which has solidified
between the separated walls of a fissire. 'When this mineral matter has

Fig. 810.—Intrusive Veins and Dykes of Andesite in Tuff of a Volcanic ‘‘ Neck,” Renfrewshire.

been deposited from aqueous solution or from sublimation, it forms what
is known as a mineral-vein (p. 812). When it has been injected in a
molten or pasty state into some other rock, it is an eruptive vein, or, if
in a vertical walllike mass, a dyke. When it forms part of the igneous
rock in which it occurs, but belongs to a later period of consolidation
than the portion into which it has been injected, it has been called a
contemporaneous vein.  When it has crystallized or segregated out of the
component materials of some still unconsolidated, colloid, or pasty rock,
it is called a segregation vein.

Eruptive or Intrusive Veins and Dykes are portions of once-melted,
or at least pasty matter, which have been injected into rents of prev10usly
solidified rocks. ‘When traceable sufficiently far, they may be seen to

1 ¢ Ancient Volcanoes of Great Britain,” ii. p. 311.
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swell out and merge into-their parent mass, while in the opposite direction
they may become attenuated into mere threads. Sometimes they run for
many yards or miles in tolerably straight lines. When this takes place
along vertical or highly-inclined stratification, they look like interstrati-
fied beds, though really intrusive. They may frequently be found to
break across the bedding in a very irregular manner,

No rock exhibits more instructively than granite the numerous varieties of form
assumed by Veins.! Three distinct kinds of granite veins may be observed. 1st, Pro-
trusions of the ordinary granite *
extending from the main masses
into the surrounding rocks and
demonstrating the intrnsive char-
acter of the granite (Figs. 311,
812). These varying in breadth
from several feet or many yards
down to fine filaments or threads,
are often remarkably abundant
and markedly irregular in the
manner in which they branch
and intersect. Where they are
several yards broad their texture, Fig. 811.—Granite Veins.
at least in the central parts, may
not sensibly differ from that of the main granite mass, though it is apt to become
finer especially as the veins diminish in breadth. It has been already pointed out
that round some bosses of granite the adjacent rocks are injected or impregnated

2

Fig. 312.—Section of granite (a), sending a network of veins into slate (b) ; Cornwall (B.).

with abundant minute threads or veins of granite-substance, like layers or leaves parallel
with the stratification cr foliation, and that the absence of *‘chilled ” edges may be due
to the high temperature of the rocks into which the granite was injected (p. 728).

In the Tertiary volcanic districts of the west of Scotland large bodies of granite and
granophyre have been intruded into other voleanic rocks. Not only has the acid

1 Credner, Z. D. G. G (1875), p. 104 ; (1882), p. 500. E. Kalkowsky, op. cit. (1881)
p. 629.
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material filled up broad fissures, so as to form conspicnous dykes, but it has been injected
into a network of minute cracks, as if the invaded rock had been shattered by energetic
explosions before the entry of the granitic magma (Fig. 313).!

Besides a nsnal greater closeness of texture than that of their parent mass, intrusive
veins sometimes present considerable differences
in mineralogical composition. The mica, for ex-
ample, may be reduced to exceedingly minute
and not very abundant flakes, and may almost
disappear. The quartz also occasionally assumes
a subordinate place, and the rock of the veins
passes into one of the varieties of felsite, quartz-
porphyry, elvanite, aplite or eurite.?

It is in the metamorphosed belt encircling an
intrusive boss of granite, that eruptive veins are
typically developed and most readily studied.
In Cornwall, for example, the slates around the
granite bosses are abundantly traversed by veins

: or dykes of granite and of quartz-porphyry

:,he lowpnpladich Rias o inctritl (elvams), which are most numerous near the
rom below by a multitude of irregular . N - A

veins of granophyre, St. Kilda. granite (Fig. 314). They vary in width from a

few inches or feet to 50 fathoms, their central

portions being commonly more coarsely crystalline than the sides. They frequently

[

Fig. 813.—Section of two sheets of gabbro,

Fig. 814.—Map of part of the Mining District of G wennap, Cornwall (B.).
a a, Granite ; ¢ ¢, Schistose rocks ; b b, Elvan dykes; s, ““ Greenstone ”’; v v, d d, two intersecting series:
of mineral-veins.

enclose angular fragments of slate (p. 724). In the great granite region of Leinster

1 ¢ Ancient Voleanoes of Great Britain,” ii. p. 413. L
2 See a reference to the Bodegang, ante, p. 208 ; also Hawes, dAmer. Journ. Sci. xxi.
(1881), p. 244.
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Jukes traced some of the elvans for several miles running in parallel bands, each only
a few feet thick, with intervals of 200 to 800 yards between them. Around some of
the granite bosses of the south of Scotland similar veins of felsite and porphyry abound.
The granite of the Wahsatch Mountains in Utah, which rises through the Upper
Carboniferous limestones, converting them into white marble, sends out veins of granite-
porphyry and other crystalline compounds. In short, all over the world it is common
for eruptive bosses of this rock to have a fringe of intrusive veins (Apophyses).

2. Veins which cut through the granite itself, though they must be regarded as
later than the rock which they actually traverse, may yet represent lower, still liquid
portions of the granitic magma which have been forced by earth-movements into rents
in the partially or wholly solidified granite. They are generally finer in grain than the
granite around them, and differ more or less from it also in composition, especially
in their greater acidity (Fig. 315).

3. Pegmatites or pegmatitic veins (Fig. 315) are distinguished by the manner in
which their component minerals, notably the quartz and felspar, are intergrown (see
pp. 128, 206). Much discussion has arisen as to the origin of such veins. They
evidently cut the ordinary granite and in so far may be regarded as intrusive veins. But
they could not have been injected in their present crystalline condition. Their material
may have been squeezed up from some lower, still liquid part of the granitic magma,
but their remarkable crystalline structure must have been afterwards superinduced by
some process of segregation or rearrangement and crystallization of their materials.!

Many other eruptive rocks (diorite, diabase, melaphyre, basalt, &e.) present admirable
examples of intrusive (even pegmatitic) veins. These are generally distinguished from
those of granite by the much feebler metamorphism with which they are attended. "

The ¢ Contemporaneous Veins” of older writers included those veins
in crystalline rocks which though differing sufficiently from the surround-
ing material to be easily distinguished, resembled it so closely as to
indicate that they were probably a part of it. The veins above described
under No. 2 are examples. But they are not confined to granite,
since they may not infrequently be ohserved in sheets of gabbro, diorite,
dolerite, diabase, and other eruptive rocks (Fig. 316). They are more
particularly to be seen in sills and bosses. They run as straight, curved,
or branching ribands, usually not exceeding a foot in thickness. They
are finer in texture than the rock which they traverse. Close examination
of them shows that, instead of being sharply defined by a definite junction
line with the enclosing rock, they are welded into that rock in such a
way that they caunot easily be broken along the plane of union. This
welding is found to be due to the mutual protrusion of the component
crystals of the vein and of the surrounding rock—a structure sometimes
admirably revealed under the microscope. Veins of this kind evidently
point to some process whereby, into rents formed in the deeply buried
and at least partially consolidated or possibly pasty or jelly-like mass,
there was an injection of similar material from some still unsolidified part
of the mass, with a transfusion or exosmosis of some of the crystallizing
minerals along the mutual boundaries. Such veins are to be distin-
guished from the true ‘“Segregation-veins,” which are irregular bands,

1 The student will find a historical summary of opinion as to the origin of pegmatite veins
in Professor Brogger’s great work on the minerals of the syenite-pegmatite veins of Southern
Norway, Part i. p. 215 ef seg. He distinguishes four suceessive phases in the development
of these veins, pp. 148-181.
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usually of more coarsely crystalline material, not infrequently to be seen
in ‘intrusive sheets, wherein the constituent minerals have crystallized out
“in a much more conspicuous form than in the main mass of the sur-
rounding rock along certain lines or around particular centres. These
are probably due to some kind of segregation from the surrounding
mass, though the conditions under which it took place have not yet
been satisfactorily explained.! Segregation-veins oceur among the erys-
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Fig. 315.—Pegmatite Vein associated with foliated granite. Rubislaw Quarry, Aberdeen.
g ¢, Ordinary granite of the mass; p p, coarse pegmatite veins ; s s, foliated granite passing insensibly
into g ; g, mass of quartz. The black patches in p and g are nests of schorl.

talline schists and even in sedimentary rocks which have been crushed and
metamorphosed, as in the Torridon arkose of Loch Carron (Fig. 268).
Along the margin of segregation-veins in granite a foliated structure
of the rock may be occasionally observed, as in some of the large granite
quarries near Aberdeen (Fig. 315). Coarse pegmatite veins abounding

Fig. 316,—* Contemporaneous Veins” in diabase.

in large plates of muscovite, black tourmaline, and quartz, with occasional

crystals of beryl and other minerals, merge into the surrounding granite,

which for a few inches along the contact has a foliated structure precisely
For some illustrations see Zrans. Roy. Soc. Edin. xxxv. (1888), pp. 113, 115, 118, 131.
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resembling that of a fine gneiss. This foliation may indifdte motion
the granite mass along a line of fissure, while the ro itsel{Jo1%%he
material forced up into the fissure was still capable of\molecular re- 5%,
arrangement. ASSOCIA
Dykes are veins of eruptive rock, filling vertical or highty~rne
fissures, and are so named on account of their resemblance to walls
(Secotice, dykes).t Their sides are often as parallel and perpendicular_as
those of built walls, the resemblance to human workmanship being
heightened by the numerous joints which, intersecting each other along
the face of a dyke, remind us of well-fitted masonry. Where the surround-
ing rock has decayed, the dykes may be seen projecting above ground

Fig. 817.—Dykes in volcanic tuff of a *‘ neck” ; shore, Elie, Fife.

exactly like walls (Fig. 317); indeed, in many parts of the west of
Scotland they are made use of for enclosures. The material of the dykes
has in other cases decayed, and deep ditch-like hollows are left to mark
their sites. The coast-lines of many of the Inner Hebrides and of the
Clyde Islands furnish numerous admirable examples of both kinds of
scenery. Dykes are characteristically displayed round volcanic centres.
The term dyke may be applied to some of the wall-like intrusions
of quartz-porphyry, elvanite, and even of granite, but it is more typically
illustrated among the basic and intermediate igneous rocks such as basalt,
diabase, andesite, diorite, &ec., while occasionally dykes may he observed

1 On the Mechanism of Dykes see Mallet, Q. J. G. S. xxxii. (1876), p. 472. The
structure of dykes is fully discussed in *Ancient Volcanoes of Great Britain,” particularly
in reference to those of Tertiary time. For an account of another dyke region see J. F.
Kemp and V. F. Masters on those of Lake Champlain, Bull. U. S. G. S. No. 107 (1893);
the dykes of the Christiania district are described in Brogger’s work on the Syenitpegmatit-
giange, already cited.
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of even tuff and voleanic agglomerate.! Veins have been injected into
irregular branching cracks; dykes have been formed by the welling
upwards of liquid or plastic rock in vertical or steeply inclined fissures,
though obviously there is no essential difference between the two forms
of structure. Sometimes the line of escape has been along a fault. In
Scotland, however, which may be regarded as a typical region for this
kind of geological structure, the vast majority of dykes rise along joints
or fissures which have no throw, and are therefore not faults. On the
contrary, the dykes may be ’craced undeflected across some of the largest
faults in the midland counties.

Dykes differ from veins in the greater parallelism of their sides, their
verticality, and their greater regularjty of breadth and persistence of
direction. They sometimes occur as mere plates of rock not more than
an inch or two in thickness, at other times they attain a breadth of twelve
fathoms or more. The smaller or thinner dykes can seldom be traced
more than a few yards; but the larger examples may be followed some-
times for many miles.

Thus, in the south and west of-Scotland, a remarkable series of basalt and andesite
dykes can be traced across all the geological formations of that region, including the
older Tertiary basalt-plateaux. They run parallel to each other in a general north-west
and south-east direction for distances of twenty and thirty miles, increasing in numbers
towards the north-west, and they have been assigned to the great volcanic activity of
Tertiary time. A dyke of the same series crosses the north of England, from near the
coast of Yorkshire for about 100 miles inland. A complex system of massive pre-
Cambrian dykes traverses the Archzan gneiss of N. W. Scotland.

Though the wall-like form is predominant among dykes, it may readily
pass into vein-like ramifications and intrusive sheets (Figs. 303, 309,
310). The molten material took the chan-
nels that happened to be most available.
If the fissure bent off at an angle from its
previous trend, or if another adjacent fis-
a sure happened to be more convenient, the

eruptive rock might change its course.

Again, while the ascending lava, under the

hydrostatic pressure of the mass below,

rose in one main fissure, portions of it

might find their way into neighbouring

parallel rents, and enclose wall-like portions

Fig. 315.—Plan of dykes (b D) cutting of rock within the dyke, as in Fig. 318,

sandstone (aa); shore, Gourock, Ren- (o} ere the total breadth of the main dyke,

including the sandstone between the two

arms, is about thirty feet, the sandstone being gently inclined, and the

portions enclosed between the arms of the dyke having been greatly
indurated.

It must be kept in mind, however, that irregular expansions and con-
tractions of dykes may sometimes be caused by subsequent movements
of the terrestrial crust. The dykes, for instance, may be plicated together

20w - “WareR MARK

<§§\\

! The occurrence of “sandstone dykes” has already been noticed, ante, p. 665.
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with the rocks among which they have been intruded, and the folds may
afterwards be pressed in such a way as to give rise to alternate or irregularly
distributed enlargements and constrictions, or a similar effect may be
produced by shearing or by faulting® Mr. Clough has found that in a
great system of dykes traversing the crystalline schists of Argyllshire
frequent attenuations of the dykes are produced by faults.

In internal structure, considerable differences may be detected among
dykes. The rock may appear () with no definite structure of any kind
beyond irregular jointing ; () columnar, the prisms striking off at right
angles from the walls, and either going completely across from side to
side, or leaving a central non-columpar part in which they branch and
lose themselves; when the side of a dyke having this structure is laid
bare, it presents a network of
polygonal joints formed by
the ends of the prisms which,
if the dyke is-vertical, lie of
course in a horizontal position,
whence they depart in propor-
tion as the dyke is inclined :
occasionally the prisms are as
well-formed as in any columnar
bed of basalt; (c) jointed

/. .
parallel with the walls, the &\
joints being sometimes so close \

; \,?\ =
as if it consisted of a series

as to cause the rock to appear

of vertical Plates or strata: Fig. 319.—Arrangement of bands of amygdales in a dyke,
this platy character is due Strathmore, Skye.

doubtless to contraction in

cooling between parallel walls, and when it occurs in basalt-dykes is best
developed near the margins ; (d) vesicular or amygdaloidal, lines of minute
vesicles having been formed parallel with the walls, and attaining their
greatest number and size along the centre of the dyke (Fig. 319).

As a rule, the outer parts of a dyke of crystalline rock, like the
upper and under surfaces of an intrusive sheet, are finer grained than
the centre, sometimes, where the chilling of the molten rock has been
rapid, passing into a veneer of glass. Basalt veins have not infrequently
such an external vitreous coating (tachylyte, hyalomelan, &ec.) It
occasionally happens also that the central portions of a basalt or andesite
dyke are glassy, of which structure several gdses have been observed in
Scotland ; perhaps in these instances the dyke has opéﬂ‘e&e% its centre,
and a fresh uprise of more glassy material (has risgn in the fiss

In some broad dykes there has been\room forCa# gertain

differentiation during the cooling of the mass; Professor A. (J Lawson
has described some examples from- the Rainy.] lgel,r%gtjxon Canada,

1 Compare the structure illustrated by Fig. 346. See also Harker;-@etl, Mag. 1889, p.
69, and the account of the pre-Cambrian rocks in Book VI. Part I.
2 See Proc. Roy. Phys. Soc. Edin. v. (1880), p. 241.
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which show a considerably greater percentage of silica in the centre than
at the sides. In one case, while the margin had the characters of an
andesite with 478 per cent of silica, it shaded off inwards into an ophitic
diabase, and then into a uralitic quartz-gabbro, in which the proportion of
silica was found to be 575 per cent.!

Multiple and Compound Dykes.?—Numerous examples have
been observed where a dyke has been formed by more than one intrusion
of molten material. The original fissure, after having been filled with
the intrusive material, has again been rent open and has once more been
occupied by a similar injection. This re-opening of a fissure has some-
times occurred repeatedly. A remarkable instance may be seen on the
island of Seil, Argyllshire, where no fewer than ten distinet intrusions
can be counted between the walls of a single fissure (Fig. 320). Some

Fig. 820.—Multiple dolerite-dyke traversing and Fig. 321.—Compound dyke, Market Stand,
enclosing black slate, Seil Island, Argyllshire. Broadford, Skye.

a, strongly spherulitic Granophyre ; b b, Basalt
dykes ; ¢ ¢, Torridon Sandstone,

of these separate bands of similar material are distinguished from each
other by a narrow selvage of black glass, which is occasionally two
inches broad but dies away into a mere film, while one of them displays
cavities 3 or 4 inches in diameter, lined with pea-like spherules of glass.?

In some cases the subsequent infilling has been supplied by a totally
different material from that of the first. Hence arise Compound or
Composite dykes (Fig. 321).% The earliest injection may have consisted

1 Amer. Geol. vii. (1891), p 15634 Proc. Canad. Inst. 1887, p. 173 ; Ann. Rep. Geol.
Surv. Canada, 1887-88, Part ¥. More usually the vitreous part is more siliceous than the
rest of a basic rock (ante, p. 236). .

2 ¢ Ancient Volcanoes of Great Britain,” ii. p. 159.

3 Summary of Progress of Geological Survey for 1898, p. 155. An excellent example of
.a multiple dyke is described by Professor A, C. Lawson from the north-east of Lake
Superior, where in a breadth of 14 feet no fewer than twenty-eight separate bands of diabase
from one to 64 inches broad traverse a mass of granite. Admer. Geol. xiii. (1894), p. 293.

4 Professor Judd has described the remarkable examples first brought to notice by
Jameson in the island of Arran. ¢. J, G, S. xlix. (1893), p.!536.
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of andesite, basalt, or some other dark rock, rich in ferro-magnesian con-
stituents, while the later may be a pale acid rock, such as granophyre or
granite. Although the later intrusion may traverse the earlier igneous
mass in any irregular manner, it has been observed among the Inner
Hebrides, where dykes of this type are by no means rare, that the basic
and acid constituents are usually ranged as parallel bands, an acid one in
the centre, with a more basic band on either side. The evidence where
obtainable shows that'the acid part of these dykes is latest, and that it has
not split a basic dyke up the middle but has forced its way between the
two portions of a double dyke, sometimes invading a multiple dyke,
cutting a portion of it obliquely, and even dissolving a portion of the basic
walls between which it ascended.!

Intersecting Dykes.—In voleanic districts it has frequently hap-
pened that new fissures have :
been ‘opened across already
existing dykes, and that they
have been filled by the uprise
of fresh lava in them. Hence
some dykes are found to be
intersected by others. While
the mere fact of this intersec-
tion may be taken to show a
succession of injections of
molten material, it is not
always easy to determine which
is the older of two dykes. As
a general rule, however, the
presence of the fine - grained
marglp B edge 7 m.ay Fig. 822.—Ground plan of intersecting dykes in Lias
be relied on as a test of relative " limestone, shore, east of Broadford, Skye.
age. The dyke which carries
its “chilled edge” across another dyke must be the later of the two;
or when this criterion fails, it may be possible to determine that the
“chilled edge” of one of the dykes is truncated by the other, and con-
sequently marks the older intrusion. In some regions extraordinary
complications have arisen where the ground has been repeatedly fissured,
and where successive injections of lava have been made into the rents.
In Fig. 322, for example, at least five dykes intersect each other. Three
of these have the prevalent north-westerly trend. They are cut by one
which runs a little north of east, and this is in turn traversed by one
that trends in a north and south direction.?

Effects on Contiguous Rocks.—These are similar to the changes
produced by intrusive sheets and other eruptive masses. Induration is
the most frequent kind of alteration. Remarkable examples have been
observed where limestones in contact with dykes have had a saccharoid
crystallization of the calcite superinduced upon them, and where even

I ¢ Ancient Volcanoes of Great Britain ’ ii. p. 161.
2 Op. cit. 1i. p. 159.
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new crystalline silicates have been developed. This subject is more
particularly discussed at p. 766, under the head of Contact-metamorphism.,

§ 4. Necks.

Under this term are included the filled-up pipes or funnels of former
volcanic vents. Every series of volcanic sheets poured out at the surface
must have been connected either with fissures, or with orifices drilled
through the terrestrial crust. On the cessation of the eruptions, these

Fig. 328.—Diagram-section to show the structure of old volcanic veuts, and how they may be
concealed and exposed.

1, Tuff cone with basalt plug still buried under sedimentary accumulations ; 2, Tuff cone and basalt
plug partially exposed by denudation.

orifices have remained filled with lava or with fragmentary matter. But
unless subsequent denudation has removed the overlying cone, a vent lies
buried under the materials which came out of it. So extensive, however,
has been the waste of the surface in many old volcanic regions that the
vents have been laid bare. In Fig. 323 two volcanic funnels are repre-
sented, one of them still buried under overlying formations, the other

Fig. 824.—Volcanic Necks, Texas. Photograph by Mr. R. T. Hill, U.S. Geol. Survey.

partially exposed by denudation. The study of volcanic Necks brings
before us some of the more deep-seated phenomena of volcanic action,
that cannot usually be seen at a modern volcano.

A Neck is circular or elliptical in ground-plan, but occasionally more
irregular and branching, and may vary in diameter from a few yards
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(Fig. 325) up to two miles, or even more. It descends into the earth
perpendicularly to the stratification of
the formation with which it is chrono-
logically connected. Should rocks origin-
ally horizontal be subsequently tilted,
a neck associated with them might be
thrown more or less out of the vertical
(Fig. 323). As a rule, however, the

The dotted lines are suggestive of the original outline of the hill,

N

%

Fig. 325.—Plan of Neck, probably of Permian age,
shore, near St. Monan’s, Fife.

11, beds of limestone ; ¢, thin coal-seam ; B, basalt veins ;

3, large bed or block of sandstone. The Neck, T,

measures about 60 by 87 yards. The arrows mark

the dip of the strata.

%
fa
4
vz
Y '~
Fig. 326.—Section of the volcanic neck of Largo Law, Fife.
11, Lower Carboniferous strata ; ¢, tuff of cones ; #, tuff of area around the cones; B B, basalt filling central pipes of the vents and lateral

vertical descent of necks into the earth’s
crust appears to have been comparatively
little interfered with. In external form,
necks commonly rise as cones or dome-
shaped hills (Figs. 324, 326, 328, 329).
This contour; however, is not that of the
original volcanoes, but is due to denuda-
tion. Occasionally the rocks of a neck
have been so worn away that a great
hollow, suggestive of the original crater, occupies their site. (Fintry
Hills, Stirlingshire.)!

1 For some striking views of denuded volcanic necks see Captain Dutton’s Report on
Mount Taylor and the Zuiii Plateau, 6¢% Ann. Rep. U.S. Geol. Survey, 1884-85. Compare also
Trons. Roy. Soc. Edin. xxxv. (1888), p. 100 ; and Geological Survey Memoir on East Fife,
1902. Examples of necks with connected lavas and tuffs are shown in Figs. 328 and 389.

veins ; B, basalt, which may have flowed out at the surface,
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It might be supposed that necks should always rise on lines of
fissure. Byt in Central Scotland, where they abound in rocks of
Carboniferous age, it is quite exceptional to find one placed on a fault.
And they seem to be often, if not generally, independent of the structure
of the visible part of the crust through which they rise (anfe, p. 279).

The materials filling up ancient voleanic orifices may be (¢) some
form of lava, as rhyolite, granophyre, andesite, gabbro, diabase, or basalt ;
or (b) the fragmentary materials which fell back into the throat of the
volcano and finally solidified there. In many instances, both kinds of
rock occur in the same neck, the main mass consisting of agglomerate or
tuff with a central pipe or numerous veins of lava. Among the Palzozoic
voleanic districts of Britain, necks are not infrequently filled with some
acid rock, such as a dacite, orthophyre.or “felsite,” even where the sur-
rounding lavas may be basic. The great vent of the Braid Hills near
Edinburgh, belonging to the time of the Lower Old Red Sandstone, is
filled ‘with rhyolitic tuff containing 70 per cent of silica, while the lavas
which flowed from it are andesites and diabases with not more than 50
per cent of this acid.

In some necks composed of eruptive rock, the material appears
arranged in successive spherical shells, which may be supposed to be
due to the protrusion of successive portions of the pasty or viscous mass
one within the other, the outer layers thinning away over the crown
of the dome as they were attenuated by the ascent of fresh material
from below.! Or we may suppose that the top of the plug sometimes
solidified, and that subsequent emissions of lava rose through rents in
the crust, and flowed down the outside of the vent.

The fragmentary materials in necks consist mainly of different lava-
form rocks imbedded in a gravelly peperino-like matrix of more finely
comminuted débris of the same rocks; but they also contain, sometimes
in abundance, fragments of the strata through which the necks have
been drilled. When occasionally, as in some of the Maare of the Eifel,
these non-volcanic fragments constitute most of the débris (p. 326), we
may infer that after the first gaseous explosions, the activity of the
vent ceased, without the rise of the lava-column or its ejection in dust
and fragments to the surface. So unchanged are many of the pieces of
sandstone, shale, limestone, or other stratified rock in the necks, that
they have evidently never been exposed to any high temperature. In
some cases, however, considerable alteration is displayed. Dr. Heddle,
from observations in Fife, concluded that the altered blocks in the tuff
there must have been exposed to a temperature of hetween 660° and
900° Fahr.?

Among the numerous vents of Central Scotland, pieces of fine
stratified tuff not infrequently appear in the agglomerates. This fact,
coupled with the common occurrence of a tumultuous, fractured, and
highly-inclined bedding of the tuff with a dip towards the centre of

1 Scrope, ¢ Geology and Extinct Volcanoes of Central France,” 2nd edition, p. 68. See

E. Reyer, Jahrb. Geol. Reichsanst. xxix. (1879), p. 463 ; and ante, p. 329, note 2; A. G.
Trans. Roy. Soe. Edin. xxxv. (1888), p. 161. 2 Trans. Roy. Soc. Edin. xxviii. p. 487,
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the neck (Figs. 326, 327), appears to show that the pipes wffe artly
filled up by the subsidence of the tuff consolidated in bedg/withigsther C-
crater and at the upper part of the funnel. Further indicqtion of the
probable subaerial character of the tuff
is furnished by abundant enclosed chips
of wood, which may have belonged to
trees or brushwood that grew upon the
slopes of the cones. These fragments
were probably entombed in the tuff
while they were still green and full of
sap, for they are invariably encrusted
with erystalline caleite, which was intro-
duced by infiltrating water, and deposited
round them in the interspace left between

z 3 Fig. 327.—Plan of Neck, on shore, at Elie,
them and the enclosing matrix after they Fife, )

had dried.! T, tuff ; the arrows marking the inward dip;

S, sandstones through which the Neck

1 o
It is common to find BT necks has been blown open ; B B, basalt dykes

of tuff numerous dykes and veins of
lava which, ascending through the tuff, are usually confined to it,
though occasionally they penetrate the surrounding strata. They are
often beautifully columnar, the columns diverging from the sides of the
dykes and being frequently curved.

Proofs of subsidence round the sides of vents may often be observed.
Stratified rocks, through which a volcanic funnel had been opened,
commonly dip into it all round, and may even be seen on edge, as if they
had been subsequently dragged down by the subsidence of the materials
in the vent.?2 The fact of subsidence beneath modern volcanic cones has
already been referred to (p. 310).

A remarkable region for the abundance of its volcanic necks and the clearness of
tke sections in which their structure and their relations to the surrounding rocks are
exposed, lies in the eastern part of the county of Fife, Scotland, to which allusion has
already been made. In a space of about 12 miles in length by from 6 to 8 in breadth
no fewer than eighty vents have been detected, and others may still be concealed under
superficial deposits. They pierce the various subdivisions of the Carboniferous system,
and are thus probably post-Carboniferous. They not improbably belong to the same
voleanic period with the necks and andesite lavas of Ayrshire and Nithsdale, which
have been regarded as Permian. One great feature of interest in vegard to them is the way
in which they have been dissected by the sea along the shore. Every detail of their in-
ternal organisation can thus be studied, and an idea can be formed of the tectonic arrange-
ment of a volcanic vent such as cannot be obtained from any modern volecano. Some
of the foregoing illustrations are taken from these Fife necks (Figs. 325, 826, and 327).°

On the continent of Europe the detached bosses of peperite in Auvergne not

1 See the “Geology of Bast Fife” (Mem. (eol. Surv.), 1902, p. 274.

2 Trams. Roy. Soc. Edin. xxix. p. 469. For an excellent example from New Zealand,
see Heaphy, Q. J. Geol. Soc. 1860, p. 245.

3 These necks were first described in my Memoir, already cited from 7Zrans. Roy. Soc.
Edin. xxix, p. 437; but I have recently given a much fuller account of them, with
numerous diagrams and plates, in the Geological Survey Memoir on the Geology of East
Fife, above cited.
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improbably mark the sites of some of the oldest and most denuded voleanic vents in that
district (p. 175). A remarkable region for necks is that of the Swabian Alb of Wiirtem-
burg, where 125 separate examples have been found. They are filled with tuff, but

3
The thick

parallel lines are coal-seams, which have been charred round the smaller eminence (Knock Hill), while they can be worked for some way

under the larger, or Saline Hill.

, &c. 5 T, Tuff of the great neck of the Biun ;

Bedded_tuffs,

B, Basalt veins.

b b Interstratified basalts; t1,
Fig. 329.—Section across the Saline Hills, Fife,

T, Taff of necks; ¢, Continuation of tuff of cone intercalated with the contemporaneously formed sedimentary strata ; B, Basalt.

’

Fig. 828.-—Section across the Binn of Burntisland, Fife, showing a central N eck_with surrounding lavas'and tuffs.

1, Sandstones ; 2, Limestone ; 3, Shales, &c.

sometimes with basalt, and have risen vertically throngh different members of the
Jurassic system without apparently the assistance of any pre-existing faults or-fissures.
They have been elaborately described by Professor Branco.!

1 i¢Schwabens 125 Vulkan-Embryonen und deren tufferfiillte Ausbruchsrghren—das
grisste Gebiet ehemaliger Maare auf der Erde,” Tiibingen, 1894.
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Effects on Contiguous Rocks—The strata round a neck are
usually somewhat hardened. Sandstones have acquired a vitreous Iustre ;
argillaceous beds have been indurated into porcellanite ; coal-seams have
been fused, blistered, burnt, and rendered unworkable. The coal-workings
in Fife and Ayrshire have revealed many interesting examples of thesc
changes, which may be partly due to the heat of the ascending column of
molten rock or ejected fragments, partly to the rise of heated vapours, even
for a long time subsequently to the volcanic explosions. Proofs of meta-
morphism, probably due to the latter cause, may sometimes be seen within
the area of the neck itself. Where the altered materials are of a fragment-
ary character, the nature and amount of this change can best be estimated.
‘What was probably originally a general matrix of voleanic dust has been
converted into an indurated more or less crystalline mass, through which
the dispersed blocks, though likewise intensely altered, are still recognis-
able. Such blocks as, from the nature of their substance, must have
offered most resistance to change—pieces of sandstone or quartz, for
example—stand out prominently in the altered mass, though even they
have undergone more or less modification, the sandstone being converted.
into vitreous quartzite.

Section ii. Interstratified, Voleanie, or Contemporaneous Phase of
Eruptivity.

The phenomena of volcanic action, together with the products and
structure of volcanoes having been already discussed in Book III. Part
I, we have now only to consider those features of the subject which
distinguish the volcanic rocks of former ages, which enable us to follow
the progress of volcanism in the past and which fix the dates of the
successive eruptions. It is evident that, on the whole, the masses of
volcanic material which have been erupted to the surface must agree in
lithological characters with rocks already described, which have been
extravasated by volcanic efforts without quite reaching the surface. Yet
they have some well-marked general characters, of which the most
important may be thus stated. (1) They occar as beds or sheets, some-
times lava-form, sometimes of fragmental materials, which conform to the
bedding of the strata among which they are intercalated. (2) They do
not break into or alter overlying strata, though they have sometimes
ploughed up and involved portions of the sediment underneath them
and over which they flowed. (3) The upper and under surfaces of the
lava-beds present commonly a scoriaceous or vesicular character, which may
even be found extending throughout the whole of a sheet. (4) Fragments
of these upper surfaces not unusually occur in the immediately over-
lying strata. (5) Beds of tuff are frequently interstratified with sheets
of lava, but may also occur by themselves, intercalated among ordinary
sedimentary strata.

A record of the feeblest display of contemporaneous volcanic energy
in any old group of rocks is furnished by a band of interstratified tuff,
marking a single voleanic eruption. A succession of such bands indicates

VOL. IT L4 E
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a series of similar discharges, and every intermediate stage may be
illustrated by examples up to a mass of lavas and tuffs many thousands
of feet'in thickness intercalated among sedimentary deposits.

In the investigation of former volcanic action the detection of true
volecanic tuff is of fundamental importance. While the observer may
be in dfubt whether a particular bed of lava has been poured out at the
surface as a true flow, or has consolidated at some depth as a sill, and,
therefore, whether or not it furnishes evidence of an actual volecanic out-
break at the locality, he is not liable to the same uncertainty among the
fragmental eruptive rocks. Putting aside the occasional brecciated
structure seen along the edges of plutonic intrusive masses, he may
regard all the truly fragmental ignequs rocks as proofs of volcanic action
having been manifested at the surface. The agglomerate found in a
volcanic neck could not have been formed unless the vapours in the
vent had been able to find their way to the surface, and in so doing
to blow into fragments the rocks on the site of the vent as well as the
upper part of the ascending lava-column.! Wherever, therefore, a bed
or series of beds of tuff occurs interstratified in geological formations,
it points to contemporaneous volcanic eruptions. Hence the value of
these rocks in interpreting the volcanic annals of a region.

The fragmentary ejections from a volecano or a cooling lava-stream
vary from the coarsest agglomerate to the finest tuff, the coarser
materials being commonly found nearest to the source of discharge.
They naturally differ in composition, according to the nature of the lavas
with which they are associated and from which they have been derived.
Where the lavas are basic or acid, so likewise the tuffs are expected to be,
though, as has been above stated (p. 712), instances have been observed
where, owing to the presence of a heterogeneous magma or of two distinet
magmas, showers of acid fragments have alternated with the outflow
of intermediate or even basic lavas. The fragmentary matter ejected
from volcanic vents has fallen partly back into the funnels of discharge,
partly over the surrounding area. It is apt, therefore, to be more or
less mingled with ordinary sedimentary detritus. We find it, indeed,
passing insensibly into sandstone, shale, limestone, and other strata.
Alternations of gravelly peperino-like tufl’ with a very fine-grained “ash”
may frequently be observed. Large blocks of lava-form rock, as well as
of the strata through which the volcanic explosions have taken place,
occur in the tuffs of most old volcanic districts. Occasionally such
ejécted blocks as well as bombs, derived from the expulsion of molten
material, are found among the fine shales and other strata, the
lamination of which is bent down round them in such a way as to show
that the stones fell with considerable force into the still soft and yielding
silt or clay (Fig. 330).2

Voleanic tuffs and conglomerates occur in interstratified beds without

1 It is conceivable, as already stated, that where a mass of lava was injected into a
subterranean cavern, fragmentary discharges might take place and partly fill that cavity ;
but such exceptional cases are probably extremely rare.

2 See Geol. Muayg. i. (1864), p. 22.
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any accompanying lava; much more commonly than do interstratified
sheets of lava, without beds of tuff’; just as in recent volcanic districts, it
is more usual to find cones of ashes or cinders without lava, than lava-
sheets without an accompaniment of ashes. Masses of fine or gravelly
tuff, several hundreds of feet in thickness, without the intervention of any
lava-bed, may be observed in the volcanic districts of the Old Red Sand-
stone and Carboniferous systems in Scotland. These furnish evidence of
long-continued volcanic action, during which fragmentary materials were
showered out over:the water-basins, mingled with little or no ordinary "

Fig. 330.—Ejected volcanice bloek (12 x 15 x 17 inches) in Lower Carboniferous Shales, Pettycur, Fife.

sediment. On the other hand, in these same areas, thin seams of tuff
interlaminated with sandstone, shale, or limestone, afford indications of
feeble intermittent volcanic explosions, whereby light showers of dust were
discharged, which settled down quietly amidst the sand, mud, or limestone
accumulating at the time. Under these latter circumstances, tuffs often
become fossiliferous ; they enclose the remains of such plants and animals
as might be lying on the lake-bottom or sea-floor over which the showers
of voleanie dust fell, and thus they form a connecting link between aqueous
and igneous rocks.

As illustrations of the nature of the stratigraphical evidence for former conditions of
volcanic activity, furnished by intercalations of
tuff, some examples from the Carboniferous forma-
tions of Britain may here be given. In Fig. 331,
from the Calciferous Sandstone series of Linlithgow-
shire, the successive conditions of the floor of a
lagoon are presented to our view. At the bottom
of the section lies a black shale (1) of the usnal
carbonaceous type, with remains of terrestrial plants.
It is covered by a bed of wodular bluish-grey tuff
(2), containing black shale fragments, whence we
may infer that the underlying or some similar shale
was blown out from the site of the vent that
furnished this dust and gravel. A second black
shale (3) is succeeded by a second thin band of fine Fig. 331.—Section of interstratifications
pale yellowish tuff (4). = Black shale (5) again super- (())fcrt;lillf:rzz:i sllj?z:;i’tgﬁ)g;]&i:?’ (‘}:Zi:::
venes, containing rounded fragments of tuff, perhaps  camoniferons).
lapilli intermittently ejected from the neighbouring
vent, and passing up into a layer of tuff’ (6), which marks how the volcanic activity
gradually increased again. It is evident that, but for the proximity of an active
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volcanic vent, there would have been a continuous deposit of black mud, the conditions
of sedimentition having remained unchanged. In the next stratum of shale (7), thin
seams-and-nodules of clay-ironstone accumulated round decomposing organic remains on
the muddy bottom. A brief volcanic explosion is marked by the thin tuff-bed (8), after
which the old conditions of deposit continued, the bottom of the water, as the shale (9)
shows, being crowded with ostracod crustaceans, while fishes, whose coprolites have been
left in the mud, haunted the locality. At last, however, a much more powerful and
prolonged volcanic explosion took place. A coarse agglomerate or tuff (10), with blocks
sometimes nearly a foot in diameter, was then thrown out and overspread the lagoon.

A scene of a somewhat different kind is revealed by the section drawn in Fig. 332,

Fig. 332.—Section in quarry of Carboniferous Fig. 333.—Section in Wardlaw Quarry,
Limestone, Limerick. Linlithgowshire.

1, Limestone ; 2, Calcareous tuff ; 3, Ashy
limestone or highly calcareous tuff.

which represents a thickness of about 15 feet of strata. The lowest rock visible is a
black, tolerably pure limestone, formed of organisms which lived on the sca-floor. As
it is followed upward it is seen to be interleaved with thin partings of fine greenish
calcareous tuff, each of which marks a separate eruption from some neighbouring
volcanic vent. The intervals between the successive explosions must have been long
enough, not only to allow the water to become clear, but to permit the calcareous
organisms once more to spread over the bottom and form a layer of limestone. Half-
way up the section the voleanic material rapidly increases in amount until it takes the
place of the limestone, though its calcareous composition shows that some of the
organisms still mingled their remains with the volcanic dust that had buried their
predecessors.?

As the presence of true volcanic tuff proves that molten rock has risen in a vent,
whence it has been blown out to the surface in the form of dust and lapilli, we may always
be prepared to find evidence that it also flowed out in streams of lava. In Fig. 833,
for example, a record is supplied of the outflow of two shcets of lava over the floor of the
sea in which the Carboniferous limestone was deposited. The interval of time between

1 ¢ Ancient Volcanoes of Great Britain,’ ii. p. 44.
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C.

their respective eruptions is here represented by about 20 feet of sedimengs, consi&hgo ¥
mainly of organically-derived limestone with some intercalations of black
sand. At the bottom of the section, a pale amygdaloidal, somewhat alte
basalt (A) marks the upper surface of one of the submarine lavas of the period.
over it comes a bed of limestone (B) 15 feet thick, the lower layers of which are made
up of a dense growth of the thin-stemmed coral, Lithostrotion irregulare, which over-
spread the hardened lava. The next stratum is a band of dark shale (C), about 2 feet
thick, followed by about the same thickness of an impure limestone with shale seams.
The conditions for coral growth were evidently not favourable; for the deposit of this
argillaceous limestone was arrested by the precipitation of a dark mud, now to be seen
in the form of 3 or 4 inches of a black pyritous shale (E), and next by the inroad of a
large quantity of a dark sandy mud, and drift vegetation, which has been preserved as
a sandy shale (F) containing Calamites, Produeti, ganoid scales, and other traces of the
terrestrial and marine life of the time.  Finally a sheet of lava, represented by the

d and grey \0*:‘ /
AL
g gfCl B

Fig. 334,—Section of the volcanic group in the Carboniferous Limestone; Middle Hope,
mouth of Severn, Somerset.

uppermost amygdaloid (G), overspread {he area, and sealed up these records of
Palwozoic history.

An example from another portion of the same ancient sea-bottom will serve to
show how both tuffs and lavas may be interstratified in a conformable and continuous
succession of marine organic limestones. It is taken from the interesting volcanic group
near Weston-super-Mare, and represents the whole of that group, here about 100 feet
thick, intercalated in the midst of the marine limestones.! At the bottom lies the
normal highly fossiliferous crinoidal limestone (1), the deposition of which was now
interrupted. It becomes impure towards the top, where it is covered with a greenish
voleanic tuff (2) about 12 feet thick, including calcareous bands. This tuff marks the
beginning of the eruptions which were ushered in with a discharge of ashes and dust.
Then came an interval of quiescence, during which the organisms, especially Productus,
swarmed over the first volcanic deposit, and built up an irregular sheet of thin-
bedded limestone (3) three feet thick and upwards. Another eruption now took place,
which covered up the shells, erinoids and corals, and formed the group of tuffs (4),
though some of the organisms struggled on and formed lenticular seams of lime-
stone among the volcanic sediment. They once more were able to gather into thicker

1 A, Strahan and A. G. in Swmmary of Progress of Geological Survey for 1898, pp.
104-111.
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continuous seams of limestone (3). The limestone (6) is crowded with their remains, and
as it has a thickness of 15 feet, it marks a pause of some duration in the volcanic
activity. This interval was at last brought to an end by a renewed and more energetic
manifestation of subterranean energy. First came a series of vigorous discharges of fine
dust and stones, which eventually accumulated to a depth of from 12 to 14 feet of tuff
(7). A thin layer of chert (8) lies at the top of the volcanic sediment, and is immediately
overlain with a dull green somewhat decomposing vesicular olivine-basalt (9), 12 to 14
feet thick, displaying marked ellipsoidal structure, and presenting a rugged scoriaceons
upper surface. This lava marks the culmination of the volcanic episode in the district.
It was followed by a time of comparative quiescence, during which occasional showers

Fig. 335.—Erect coniferous tree-trunk surrounded by and buried under Tertiary basalt, Gribon,
Isle of Mull. (‘Scenery of Scotland,’ 3rd edition, p. 142.)

of fine voleanic dust were discharged, traces of which are preserved as thin partings in
the nine feet of highly fossiliferous limestone (10) which overlies the basalt, and has
filled up all the irregularities of its surface. A recrudescence of voleanic activity is
indicated by the band of green tuff (11) about nine feet thick, but the discharges
were not so continuous or violent as wholly to kill off the calcareous organisms on the
sea-bottom, for their remains have been aggregated into lenticular seams and nodules
among the volcanic sediment. The red limestone (12) about three feet thick shows
by its thin leaves of tuff that feeble discharges of dust were still taking place. These
indications of volcanic action become still feebler in the overlying reddish nodular
limestone (18), also about three feet thick, above which comes once more normal thick
limestone wholly made of organic remains, like that below the voleanic group.

In the case of subaerial eruptions we may expect to meet with occasional intercala-
tions of lacustrine or fluviatile sediment containing the remains of a land flora or fauna.
The Tertiary voleanic series of Central France presents many instructive and elassie:
examples of this association. We- there find the fine tuffs alternating in thin laminze
with the fresh-water limestones, and delicately filling the cavities of the shells of pond-
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snails. In the west of Scetland the Tertiary basalt-plateanx contain interesting
examples of river-channels filled with gravel, and sometimes containing drift-wood,
which have been buried under streams of lava. In at least one instance a coniferous
tree with a stem five feet in diameter has been enveloped in the molten rock, and still
retains its erect position. The bark and outer part of the wood were charred, and
the upper part of the trunk had decayed, leaving an empty cylinder in the basalt, into
which rubbish was washed from the ground above, before the next outflow of lava buried
it. As shown in Fig. 335, the columns of the basalt diverge from the sides of the tree,
which formed the cooling surface whence the contraction started.

While the underground course of a protruded mass of molten igneous
rock has widely varied according to the shape of the channel through
which it proceeded and in which, as in a mould, it solidified, the behaviour

Fig. 336.—Sandstone filling rents in the surface of an interbedded sheet or flow of porphyrite, which is
covered with a bed of conglomerate, Coast of Kincardineshire.

The rents have been filled in with sand before the eruption of the next flow.

of the rock, once poured out at the surface, is more uniform. The erupted
lava rolls along, varying in thickness and other minor characters, accord-
ing to its viscosity, the angle of slope and the irregularities of the
topography over which it flows. It forms a rough, lenticular bed or
sheet. A comparison of such a bed with one of the intrusive sheets
already described shows that in several important lithological characters
they differ from each other. An intrusive sheet is closest in grain
near its upper and under surfaces ; a contemporaneous bed or true lava-
flow, on the contrary, is there usually most open and scoriaceous. In the
one case, we comparatively rarely see vesicles or amygdales, and when
they do occur they are usually small in size, and more or less uniformly
distributed along certain bands or lines. In the lavas, on the other hand,
such vesicles commonly abound, and present wide variations in size,
shape, and distribution. However rough the upper surface of an inter-
stratified sheet may be, it never sends out veins into, nor encloses portions
of the superincumbent rocks, which, however, sometimes contain portions
of it, and wrap round its hummocky irregularitiés. Occasionally it may
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be observed to be full of rents, which have been filled up with sandstone
or other sedimentary material. These rents were formed while the lava
was cooling; and sand was subsequently washed into them. Examples of
this structure abound among the andesite-lavas of the volcanic tracts of
the Scottish Lower Old Red Sandstone (Fig. 336).1

The amygdaloidal cavities throughout an interstratified sheet, but
more especially at the top, often present an elongated form, and are even
pulled out into tube-like hollows in one general direction, which was
obviously the line of movement of the yet viscous mass (pp. 134, 306).
Some kinds of rock, which have appeared as superficial lava-flows, have
assumed a system of columnar jointing. Basalt, in particular, is dis-
tinguished by the frequency and perfegtion of its columns: The Giants’
Causeway, the cliffs of Staffa, of Ardtun in Mull, and of Loch Staffin in
Skye, the Orgues d’Expailly in Auvergne, and the Kirschberg of Fulda
are well-known examples. Andesite, rhyolite, obsidian, pitchstone and
other effusive rocks likewise occur occasionally in columnar forms. Some
basic lavas, during their flow, have broken up into rounded, elliptical or
pillow-shaped masses of all sizes, from a few inches to several feet or even
yards in diameter (pp. 136, 306). These blocks often present lines of
small amygdales close to their edges, the centre being sometimes marked
by larger and more irregularly shaped cavities. The interspaces between
the ellipsoids were usually filled with some sedimentary deposit, which
among the Paleozoic examples is not infrequently chert containing
Radioloria, but it may be limestone, shale, ironstone, volcanic tuff or
other material. The origin of these rounded blocks has been ascribed
to the sudden disruption and chilling of lava that has flowed into a lake,
river, or the sea.? )

Lenticular sheets or groups of sheets of lava, usnally of limited extent
and with associated bands of tuff, form the more frequent type among
Palzozoic and Secondary formations. A single interbedded sheet may
occasionally be found intercalated between ordinary sedimentary strata,
without any other volcanic accompaniment. But this is unusual. In the
great majority of cases, several sheets oceur together, with accompanying
bands of contemporaneous tuff, and they may be piled up into accumula-
tions thousands of feet in thickness, their geological age being generally
ascertainable from the organic remains associated with them or with
the conformable strata immediately below or above them.

Interbedded (and also intrusive) sheets have shared in all the subse-

1 See ¢ Ancient Volcanoes of Great Britain,” i. pp. 283, 333, where a number of examples
are figured, also “Geology of East Fife,” Mem. Geol. Surv. Compare the mud-enclosures
described by Professor B. K. Emerson, in the Triassic Trap of New England, and attributed
by him to the influence of strong convection currents, whereby mud was rapidly diffused over
and under lava that flowed into water. Bull. Geol. Soc. Amer. viii. (1897), p. 59.

2 For descriptions of the ellipsoidal structure of lavas, see G. Platania, in H. Johnston-
Lavis’ ‘South Italian Volcanoes,” Naples, 1891, p. 41, and Plate xii.; J. J. H. Teall and
H. Fox, Q. J. G. S. xlix. (1898), p. 211 ; J. J. H. Teall, Trans. Roy. (¢ol. Soc. Cornwall,
1894, p. 3; F. L. Ransome, Bull. Geol. Univers. California, No. 7 (1894) ; A. G. ‘Ancient
Volcanoes of Great Britain,” i. pp. 25, 184, 193 ; T. Morgan Clements, Monograph xxxvi.
U. 8. Geol. Surv. 1899, p. 112,
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quent curvature and faulting of the formations among which they lie.
This relation is well seen in the “toadstone ” or sheets of dolerite, basalt,
and tuff associated with the Carboniferous Limestone of Derbyshire
(Fig. 337).1

ONE MILF

Fig. 337.—Section of intercalated Javas and tuffs (‘‘ toadstone ") in Carboniferous Limestone, Derbyshire
(B). aa, *“Toadstone,” in two beds; b b, Limestones ; ¢, Millstone grit ; 1 f, Faults.

In such abundantly volcanic districts as Central Scotland, the necks or vents of erup-
tion (Figs. 328, 889) may frequently be detected among the lavas which proceeded from
them. The thickness of an interbedded sheet varies for different kinds of lava. Asarule,
the more acid rocks are in thicker beds than the more basic. Some of the thinnest and most
persistent sheets may be observed among the basalts, where a thickness of not more than
12 or 15 feet for each sheet is not uncommon. Both individual sheets and groups of
sheets have commonly a markedly lenticular character. They usnally thicken in a
particular direction, probably that from which they flowed.. On the other hand, beds of
tolerably uniform thickness and flatness of surface may be found ; among the basalts,
more particularly, the same sheet may be traceable for miles, with remarkable regularity
of thickness and parallelism between its upper and under surfaces (p. 763). The ande-
sites and trachytic and rhyolitic lavas are more irregular in thickness and form of
surface. The domite of Auvergne has formed domes without spreading out into sheets.

Abundant examples of thick intercalated volcanic groups may be studied among the
Palaozoic and Tertiary formations of Western Europe, and nowhere on a larger scale than
in the British Isles. The Cambrian lavas and tuffs of Pembrokeshire, and those of
Arenig and Bala age in North Wales, the Lake District, the south of Scotland, and the
south-east of Ireland form a notable record of volcanic activity in older Palxozoic time.
They were succeeded by the great outpourings of the Old Red Sandstone, Devonian,
Carboniferous, and Permian volcanoes. But the volcanic energy gradually diminished
until the last Permian eruptions gave rise to groups of small tuff-cones, like those of
Auvergne, never discharging floods of lava like those of earlier periods, and probably in
most cases emitting only showers of ashes and stones.? There appears to have bee.n
a complete quiescence of volcanic activity during the whole of the Mesozoic ages in
Britain. But the subterranean fires were rekindled in older Tertiary time, and gave
forth the great basalt sheets of Antrim and the Inner Hebrides.

On the continent of Europe a similar long record of volcanic action is found, with a
corresponding Mesozoic quiescence. Cambrian, Silurian, Devonian, Carboniferous, and
Permian voleanic rocks have been found in France. The Permian volcanic rocks of
Germany have long been well known. In the Tyrol occur extensive sheets of quartz-
porphyry of Triassic or older date, together with associated tuffs.

Some of the most enormous accumulations of ejected volcanic material are found
among the records of Tertiary time in the western parts of North America. Thus in
the Absaroka range in Wyoming the following sequence of voleanic ejections has been
established, the whole amounting to 11,000 feet.?

1 See Section 18 of Horiz. Sect. Geol. Surv. Great Britain.

2 ¢ Ancient Volcanoes of Great Britain,” where the British volcanic history is fully
described.

3 Mr. Hague, ‘ Absaroka Folio,” U.S. G. 8. Presidential Address to Geol. Soc. Washington,
1898. This section furnishes another example of alternating basic and acid ejections.
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Late Basalt flows 2

Late Basic Breccia, alternatlons of coarse and fine frarrmental
material, pointing to a prolonged succession of eruptions .

Late Acid Breccia, composed mainly of andesite detritus, the
result of many successive explosions

Early Basalt flows in sheets from 5 to 50 feet in thlckness

Early Basic Breccia, coarse and fine, with intercalated sheets of
basalt which increase in number and thickness towards the top .

Early Acid Breccia, coarse and fine material irregularly heaped
together, with some beds of silt and mund
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Fig. 338.—Succession of Volcanic conglomerates and lava-sheets, Cafion of Yellowstone River.
Photograph by Mr. C. D. Walcott, U. S. Geol. Survey.

Some of these breccias are crowded with erect and prostrate fossil trees, which mark
successive forest-growths that were overwhelmed and buried under the enormous amount

of fragmentary material discharged from the neighbouring vents.

To the west of the Absaroka range lies the Yellowstone National Park, where the
Yellowstone River has cut vastravines out of the voleanic series, displayingon a grand scale
a succession of breccias or conglomerates and intercalated lavas. The general topo-
graphy of the cafion, as influenced by the difference in weathering of the two kinds of
material, is represented in Fig. 338, the hard columnar lavas forming prominent bars.
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Traces of three types of volecanoes may be recognised among the
voleanic rocks interstratified in the various geological formations.

1. The Vesuvian type—consisting of lavas and tuffs which have come
mainly from one central orifice. Here the rocks rapidly diminish in
thickness away from their point of origin, and hence form lenticular
intercalations among the sedimentary strata with which they are associated.
Thus in Linlithgowshire, the mass of lavas and tuffs above referred to
(Figs. 331, 333) reaches a collective thickness of probably 2000 feet
in the Carboniferous Limestone series, but dies out so rapidly that
within a distance of about ten miles it has dwindled down to a single
sheet of lava less than 50 feet thick. Still more rapid attenuation is
observable among the older voleanic accumulations of Central Scotland
and North Wales. We have only to reflect on what would be the
probable structure displayed by Vesuvius if it had been buried under
some sedimentary accumulation, and had afterwards been laid bare to
the roots by prolonged denudation, in order to be able to understand
the condition in which ancient representatives of the same type may
be expected to appear. (Compare Figs. 293, 294.)

2. The Plateau type consists of sheets of lava and tuff which instead
of accumulating round a main centre of discharge have spread out over
wide areas, sometimes amounting to thousands of square miles. These
materials have sometimes come directly out of fissures opened at the surface
(fissure-eruptions, p. 342), sometimes out of vents which may be crowded
closely together. In this type the lavas usually largely predominate over
the fragmental discharges. The more basic lavas, especially those of the
basalt family, have most frequently assumed this form.

The fragmentary plateanx of the British Islands, the Faroe Islands and Iceland ;
those of the Indian Deccan and of Abyssinia, and the more recent basalt floods which
have closed the eventful history of volcanic action in North .America, are notable
illustrations of this type of structure. Beds of tuff, conglomerate, gravel, clay, shale,
or other stratified intercalations occasionally separate the sheets of basalt. Layers of
lacustrine clays, sometimes full of leaves, and even with sufficiently thick masses of
vegetation to form bands of lignite or coal, may also here and there be detected
Occasional prostrate or even erect trees may be observed enclosed in the lava (Fig. 335).
But marine intercalcations are rare or absent. There can be no doubt that these widely
extended sheets of basalt were in the main subaerial outpourings, and that in the hollows
of their hardened surfaces lay lakes and smaller pools of water in which the interstrati-
fied sedimentary materials were laid down. The singular persistence of the basalt beds
has often been noticed. The same sheet may be followed for several miles along the
magnificent cliffs of Skye and Mull. Mr. Clarence King believes that single sheets of
basalt in the Snake River lava-field of Idaho may have flowed for 50 or 60 miles.! The
basalts, however, so exactly resemble each other that the eye may be deceived unless it
can follow a band without any interruption of continuity.

Next to the basalts, perhaps, come the andesites as plateau-builders. Conspicuous
examples of the way in which they have been piled over each other to a depth of many
hundred feet and over areas of hundreds of square miles may be seen in Central and
Southern Scotland, where the Old Red Sandstone (hills of Lorne) and Carboniferous

1 ¢ Geological Exploration of 40th Parallel,” i. p. 593. See also C. E. Dutton, Nature,
27th November 1884. 6th Ann. Rep. U.S. Geol. Surv. 1884-85, p. 181, and 4th Ann. Rep.
same Survey, 1882-83, p. 85.
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systems (Campsie Fells and hills above Largs), include consecutive sheets of different
andesites and diabases that rise into long terraced tablelands. The regularity of thickness
and parallelism of these sheets form conspicuous features in the scenery of the districts
in which .they occur. .

3.-The Puy type is shown by scattered vents filled with agglomerate
or tuff, sometimes also with dykes or plugs of lava. In many cases these
vents have not emitted any lava-streams. They mark a comparatively
feeble phase of volcanic action. They are sometimes, however, remarkably
abundant within a restricted area, as in the tract of East Fife already
referred to (p. 751), where at least eighty of them are crowded together
within a space of 70 or 80 square miles. The puys of Auvergne, the
maare of the Eifel, and the small tuff-cones of the Bay of Naples are
familiar examples of late geological age.”

Part VIII. METAMORPHISM, LOCAL AND REGIONAL.

The sense in which the terms ¢ metamorphism ” and “ metamorphic ”
are to be employed should be precisely defined at the beginning of a
discussion of the subject to which they are applied. It is obvious that
we have no right to call a rock metamorphie, unless we can (1) distinetly
trace it into an unaltered condition, or (2) can show from its internal
composition and structure that it has undergone a definite change, or (3)
can prove its identity with some other rock whose metamorphic character
has been satisfactorily established. At the outset, it may be remarked
that, in a certain sense, all or nearly all rocks may be said to have been
“ metamorphosed,” since it is exceptional to find any, not of very modern
date, which do not show, when closely examined, proofs of having been
hardened by the pressure of superincumbent rock, or altered by the
action of percolating water or other daily acting agent of change. Even
a solid crystalline mass, which, when viewed on a fresh fracture with a
good lens, seems to consist of unchanged crystalline particles, will often
betray under the microscope unmistakable evidence of alteration. And
this alteration may go on until the whole internal organisation of the rock,
so far at least as we can penetrate into it, has been readjusted, though
the external form may still remain such as hardly to indicate the change;
or to suggest that any new name should be given to the recomposed rock.
Among many igneous rocks, particularly the more basic kinds (diabases,
basalts, andesites, diorites, olivine rocks, &c.), alteration of this nature
may be studied in all stages.?

But mere alteration by decay is not what geologists denote by meta-
morphism, The term has been, indeed, much too loosely employed ; but
it is now generally used to express a change in the mineralogical or
chemical composition and in the internal structure of rocks, produced at
some depth from the surface, either locally, by intruded masses of highly
heated material, or regionally, through the operation of mechanical move-
ments, combined with the influence of heat and heated water or vapour.

Metamorphism may consist in, 1st, change of aspect or texture, includ-
ing induration and other minor phenomena (“contact metamorphism”) ; or

1 Ante, p. 453, under *“ Weathering.”
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2nd, change of form, including all paramorphic transformation
the conversion of a pyroxenic into a hornblendic rock, and th
of a clastic into a.crystalline mass ‘by the crystallization of
constituents ; or 3rd, change of substance, where a chemical (m
change has heen superinduced either by the abstraction or additiohg}
or more ingredients, as in the remarkable contact zones round certain
intrusive bosses. It is obvious, however, that each of these three forms
of metamorphism may be included in the changes which have bheen super-
induced upon a given mass of rock.!

The conditions that appear to be mainly concerned in metamorphism
have been already stated (p. 424). It may be added here that these
conditions may in different cases be supplied : 1st, by the action of heated
subterranean water carrying carbonic acid and mineral solutions, and often
under great pressure (pp. 401, 409); 2nd, by the action of hot vapours
and gases (pp. 269, 313) ; 3rd, by mechanical pressure combined with
heat, but without internal movement or deformation, such pressure and
heat at great depths in the terrestrial crust being enormous; 4th, by
mechanical movements, particularly those which have resulted in the
crushing and shearing of rocks, and which at great depths must be all
the more effective from the vast pressure and high temperature (pp. 400,
411); 5th, by the intrusion of heated eruptive rocks, sometimes containing
a large proportion of absorbed water, vapours, or gases (pp. 407, 413);
6th, occasionally and very locally by the combustion of beds of coal.
Much will obviously depend on the relations of temperature and pressure
under which the rocks are acted on. Mr. Harker has indicated four
variations of these relations, which may in different places have existed :
(1) low temperature and low pressure (Hydro-metamorphism); (2) high
temperature and low pressure (Thermo-metamorphism); (3) low temper-
ature and high pressure (Dynamo-metamorphism); (4) high temperature
and high pressure (Plutono-metamorphism).?

The term “metamorphism,” as originally proposed by Lyell, was

lteragionge C.
S origm’txzml
chemic

1 Many terms have been devised to express the character of metamorphic changes. For
instance, metasomatosis, metasomatic, methylosis, methylotic, and metachemic applied to
chemical metamorphism or alteration of constitution or substance ; metastasis, indicating
changes of a paramorphic nature ; imefacrasis, denoting such transformations as the conver-
sion of mud into a mass of mica, quartz, and other silicates ; macro-structural metamorphism,
having the external structure (morphology) changed, as where an amorphous condition
becomes schistose ; amicro-structural, having the internal structure (histology) wholly
changed, with or withont a macro-structural alteration ; mineralogical, having one or more
of the component minerals changed, with or without an alteration of the chemical composi-
tion of the rock as a whole. See King and Rowney, ¢ An old Chapter of the Geological
Record,” 1881 ; Dana, Amer. Journ. Sci. xxxii. (1886), p. 69. Bonney, Quart. Journ.
Geol. Soc. (1886), Address, p. 30 et seq. G. H. Williams, Bull. U.S. Geol. Surv. No. 62
(1890), p. 43. Various terms have likewise been proposed for metamorphism from the
point of view of its cause, as Dislocation-metamorphism (Lossen), Mechanical metamor
phism (Heim and Baltzer), Friction-metamorphism (Gosselet), Dynamical metamorphismn
(Rosenbusch), Heaping-up metamorphism (Stavungs M. Giimbel aud Credner), Pressure
metamorphisn (Bonney), and those by Harker, quoted in the next paragraph.

2 Geol. Mag. 1889, p. 186.
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applied to rocks having a schistose or foliated structure which were
regarded as altered sediments. For many years afterwards it continued
to be used in the same sense, and not until comparatively recently did
geologists recognise that rocks originally of eruptive origin, but interposed
among sedimentary strata, were necessarily affected by the changes which
the latter underwent in the processes of metamorphism. It is now well
established that igneous rocks no less than aqueous have been meta-
morphosed, and, as Lossen pointed out, they furnish in some respects even
a better starting-point from which to attack the problem of metamorphism,
inasmuch as their original definite mineral aggrepation, chemical com-
position and structure furnish a scale by which the subsequent mutations
of the rocks may be traced and measured.?

It must obviously be often difficult, not infrequently impossible, to
determine to what particular combination of conditions the metamorphism
of a group of rocks is to be assigned, whether mere pressure, or pressure
combined with crushing and deformation, or with a high temperature, or all
of these with the co-operation of water and mineralising agents, have been
concerned in the change. TFor convenience of description some kind of
classification of the phenomena is required. Accordingly geologists have
long been in the habit of recognising among the alterations which can
properly be considered metamorphic two broad types. 1lst, Contact-
Metamorphism, where the rocks have been altered by contact with or
proximity to some body of eruptive material, and 2nd, Regional Meta-
morphism, where the alteration cannot be ascribed to any such local
cause as the invasion of an intrusive rock, but is so widespread that it
must be due to a more general origin, such as conditions of pressure,
temperature, mechanical movement, presence of water and mineralising
agents affecting extensive tracts of the earth’s crust. This arrangement,
though convenient, cannot always be satisfactorily madé, for although in
regional metamorphism a maximum of change is often reached which is
hardly equalled in contact-metamorphism, cases are met with where the
phenomena of the two types cannot be satisfactorily discriminated.
Nevertheless the commonly accepted subdivision is so generally useful
that it may well be retained until our knowledge of metamorphism has
become more precise and profound. than it is at present.

§ i. Contact-Metamorphism.

In this kind of alteration two fundamental conditions have to be
considered : 1st, the nature, mass, temperature, and composition of the
eruptive rock; and 2nd, the composition and structure of the rocks
through which the intrusive material has been injected, and the presence
or absence of interstitial water in them. (1) With regard to the first of
these conditions, it is obvious that a large intrusion will produce more
alteration than a small intrusion of the same rock. The areola of meta-

1 Jahrb. Preuss. Geol. Landesanst. 1884, p. 620. See also, for an early study of the

influence of contact-metamorphism on augitic igneous rocks, Allport, . J. G. S. xxxii.
(1876), p. 418.
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morphism round a great, boss of granite or of diorite will be broader and
the metamorphism itself more intense than that round a mere vein or
dyke. The constitution of the intrusive rock has been an important
factor in the metamorphism. Thus great differences are ohservable
between the nature and amount of this alteration produced by the more
basic and the more acid voleanic rocks. The former; such as basalt,
possess such extreme fluidity as to be able to penetrate into the cracks
of other rocks and catch up fragments’ of them, which they indurate or
even fuse, but without inducing much chemical change. It would appear
that mere dry heat produces only a small amount of chemical alteration.
The more acid volcanic rocks, on the other hand, such as trachyte,
phonolite and rhyolite are viscous or pasty, do not wrap round so closely
the rocks which they invade, and seldom melt them, though possessing
a temperature considerably higher than that of the basic lavas. But
owing probably to the vapours with which they are charged they induce
various chemical transformations.! Granite has been believed not to
furnish examples of the actual fusion of the surrounding or enclosed rocks,
though it may have absorbed more or less of them (see, however, p. 776),
but it has long been recognised to be accompanied with a more complete
transformation of these rocks than any other intrusive material, and this
change may be traced to a distance of a mile or more from the line of
contact. In this case also, as has been already stated, the presence of
pneumatolitic agents—water, alkaline silicates, chlorides and fluorides,
with other vapours or solutions, has been largely influential, combined,
doubtless, with great pressure, high temperature, and a continuance of
these conditions for vast periods of time.

(2) With respect to the influence of the nature and structure of the
altered rock upon the metamorphism, it is obvious that such different
materials as shale, sandstone, coal, and limestone, will give very different
results even if exposed to the same amount and kind of metamorphic
energy. The amount of water present in the pores of a rock will likewise
largely influence the extent and nature of the alteration. A rock which,
if perfectly dry, might undergo little or no change, when heated would be
subjected to chemical reactions and mineral re-arrangements by the
operation of interstitial water. Much must depend, too, upon the relation
between the position of the intrusive mass and the stratification of the
rocks affected. As stated on p. 64, heat is conducted four times faster
along the planes of stratification than across them, so that an intruded
sheet or sill should, other things being equal, produce less alteration than
a boss which breaks across the bedding. It will be readily understood,
also, that detached portions of a rock which have been caught up and
entirely enclosed within an intrusive mass will show usually a more
highly altered condition than the perlpheral parts of the rock, which”
have merely presented one side to the invading material.?

! Professor Lacroix, Mém. Acad. Sci. Paris, xxxi. (1894).

2 Professor Lacroix, in the memoir above cited, has made a particular study of the
metamorphism of fragments enclosed in voleanic rocks. On the physical effects of
contact-metamorphism, see J. Barrell, Amer. Journ. Sci. xiii. (1902), p. 279.
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The following examples of the nature of the metamorphism of contact
are arranged in progressive order of intensity, beginning with the feeblest
change, and ending with results that are quite comparable with the great
changes involved in regional metamorphism.

Bleaching is well seen at the surface, where heated voleanic vapours
rise through tuffs or lavas and convert them into white clays (p. 313).
Decoloration, however, Las proceeded also, underncath, along the sides of
dykes. Thus in Arran, a zone of decoloration ranging from 5 or 6 to
25 or 30 feet in width, runs in the red sandstone along each side of
many of the abundant basalt-dykes. This removal of the colouring
peroxide may have been effected by the prolonged escape of hot vapours
from the cooling lava of the dykes. Had it been due merely to the
reducing effect of organic matter in the meteoric water filtering down
each side of the dyke, it ought to occur as frequently along joints in
which there has been no ascent of igneous matter.

Coloration.—Rocks, particularly shale and sandstone, in contact with
intrusive sheets,” are sometimes so reddened as to resemble the burnt
shale from an ironwork. Every case of reddening along a line of junction
between an eruptive and non-eruptive rock must not, however, be set down
without examination as an effect of the mere heat of the injected mass,
for sometimes the colouring may be due to subsequent oxidation of iron
in one or both of the rocks by water percolating along the lines of
contact.

Disaggregation.—It is occasionally observable that rocks originally
coherent and tough have become friable by contact with eruptive material,
as in the case of gneiss and granite in Auvergne, when in contact with
the voleanic rocks.

Induration.—Most frequently the reverse of disintegration has been
produced, for the rocks along the contact with an intrusive mass have
commonly been hardened. Sandstone, for example, is converted into a
compact rock which breaks with the lustrous fracture of quartzite.
Argillaceous strata are altered into flinty slate, Lydian-stone, jasper, or
porcellanite. This change may sometimes be produced by mere dry heat,
as when clay is baked. But it may also arise from the action of heated
water, as is shown where the percentage of silica has been increased by
the deposit of a siliceous cement, in the interstices of the stone, or by
the replacement of some of the mineral substances by silica. © Such
changes are specially observable round eruptive masses of granite and
diabase.!

Expulsion of Water.—One effect of the intrusion of molten matter
among the ordinary cool rocks of the earth’s crust has doubtless often
been temporarily to expel their interstitial water. The heat may even
have been occasionally sufficient to drive off water of crystallization or of
chemical combination.- Mr. Sorby mentions that it has been able to

1 Kayser, on contact-metamorphism around the diabase of the Harz, Z. D. (/. G. xxii.
103, where analyses showing the high percentage of silica are given. Hawes, dmer. Journ.
Sci. January 1881. The phenomena of metamorphism round granite are further described
below, p. 778 seq.
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dispel the water present<in the minute fluid cavities of quartz i
stone invaded by diabase.!

Prismatiec Structure.—Contact with eruptive rocks has freqi
produced a prismatic structure in the contiguous masses. Conspicuous
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Fig. 839.—Sandstone (@ ) rendered prismatic by Dolerite (b b); Bishopbriggs, Glasgow.

illustrations of this change are displayed in sandstones through which
dykes have risen (Fig. 339). Independently of the lines of stratification,
polygonal prisms, six inches or more in diameter, and several feet in
‘length, starting from the
face of the dyke, have been
developed in the sandstone.?

Some of the most perfect ex-
amples of superinduced prisms
may occasionally be noticed in
seams of coal which, from offering
least resistance in a group of
strata, have been more especially
apt to be invaded by intrusive
igneous rocks. In the Scottish
coal-fields, sheets of basalt have
been forced along the surfaces of Fig. 340.—Coal-seam (z ) lying on fireclay (b) and made
coal-seams, and even along their columnar (¢') by a sill (¢) of Basalt, Shore, Saltcoats,
centre. The coal in these cases is g,
sometimes beautifully columnar, its slender hexagonal and pentagonal prisms, like rows
of stout pencils, diverging from the surface of the intrusive sill® (Fig. 840). The
basalt, on the other hand, has been changed into a kind of clay (postea, p. 775).

1@ J.G. 8 1880. Ante, p. 735.

2 Sandstone altered by basalt, melaphyre, or allied rock, Wildenstein, rear Biidingen,
Upper Hesse; Schiberle, near Kriebitz, Bohemia; Johnsdorf, near Zittau, Saxony (the »
Quader - sandstone of Gorischstein, in Saxon Switzerland, is beautifully columnar; W.
Keeping, Geol. May. 1879, p. 437) ; Bishopbriggs, near Glasgow (Fig. 339).
" 3 Coal and lignite, with their accompanying clays, altered by basalt, diabase, melaphyre,
&c., Ayrshire, Scotland (Fig. 840); St. Saturnin, Auvergne; Meissner, Hesse Cassel ;.
Ettingshausen, Vogelsgebirge ; Sulzbach, Upper Palatinate of Bavaria; Fiinfkirchen,
Hungary : by trachyte, Commentary, Central France ; by phonolite, Northern Bavaria,

VOL. II F
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Other examples of the production of this structure have been described in dolomite
altered by quartz-porphyry (Campiglia, Tuscany); fresh-water limestone altered by
basalt (Gergovia, Auvergne); basalt-tuff and granite altered by basalt® (Mt. Saint-
Michel, Le Puy).

Calcination, Melting, Coking.>—By the great heat of erupted masses,
more especially of basalt and its allies, rocks have been calcined and
partially or completely melted. In some, the matrix or some of the
component minerals have been melted; in others the whole rock has
been fused. Among granite fragments ejected with the slags of old
volcanic vents in Auvergne, some present no trace of alteration, others
are burnt as if they had been in a furnace, or are partially melted so as
to look like slags, their component minerals, however, remaining distinct.
In the Eifel volcanic region, the frafments of mica-schist and gneiss
ejected with the voleanic detritus have sometimes a crust or glaze of
glass.  Sandstones, though most frequently baked into ‘a compact
quartzite, are sometimes changed into an enamel-like mass in which,
when the rock contains an argillaceous or calcareous matrix with
dispersed quartz-grains, the infusible quartz may be recognised.

In Hesse and Thuringerwald, Zirkel has described sandstones altered by contact
with basalt, where the quartz-grains are enveloped in a vitreous matrix, in which
abundant microscopic microlites occur, and present in their arrangement evidence of a
fluxion-structure. This glassy constituent probably represents the argillaceous and
other materials in which the quartz-grains were originally imbedded, and which has
been fused and made to flow by the heat of the basalt.? According to Bunsen’s observa-
tions, voleanic tuff and phonolite have sometimes been melted on the sides of the
dolerite dykes which traverse them, so as to present the aspect of pitchstone or
obsidian.* Complete fusion, fluxion-structure, and microscopic crystallites, resembling
those of true igneous rocks, may thus be produced in sedimentary rocks by contact-
metamorphism.

The effects of eruptive materials upon carbonaceous beds, and
particularly upon coal-seams, are among the most conspicuous examples
of this kind of alteration. The effects vary considerably, according to
the bulk and nature of the eruptive sheet, the thickness, composition,
and structure of the coal-seam, and probably other causes. In some
cases, the coal has been made prismatic, as above described. More often
it has been fused and has acquired a blistered or vesicular texture, the
gas cavities being either empty or filled with some infiltrated mineral,
especially calcite (east of Fife). The most frequent change is the conver-

1 Naumann, ‘Geognosie,’ i, p. 737.

2 Tt is worthy of observation that changes of the kind here referred to occur most
commonly with basalt-rocks, melaphyres, and diabases. Trachyte has been a less frequent
agent of alteration, though some remarkable examples of its influence have been noted.
Poulett Scrope (Geol. Trans. 2nd ser. ii.) describes the alteration of a trachyte conglomerate
by trachyte into a vitreous mass. Quartz-porphyry and diorite occasionally present examples
of calcination, or more or less complete fusion. But with the granitic and syenitic rocks
changes of this kind have never been observed. Naumann, ‘Geognosie,’” i. p. 744.

3 N. Jakrb. 1872, p. 7. For other examples see Mohl, Verhandl. Geol. Reichsanst.
171, p. 259 ; Hussak, Tschermak’s Min. Mittheil. 1883, p. 530.

4 Usually the vitreous band at the margin of a basalt dyke belongs to the intruded rock
and not to that through which it has risen (ante, pp. 235, 735, 745).



PART VIII § 1 CONTACT-METAMORPHISM 771

sion of the coal into a hard and brittle kind of anthracite or “blind coal,”
owing to the loss of its more volatile portions (west of Fife). This
change may be observed in a coal-seam 6 or 8 feet thick, even at a
distance of 50 yards from a large dyke. Traced nearer to the eruptive
mass, the coal passes into a kind of pyritous cinder, scarcely halt the
original thickness of the seam. At the actual contact with the dyke, it
becomes by degrees a kind of caked soot, not more perhaps than a few
inches thick (South Staffordshire, Ayrshire). Coal has sometimes even
been turned into graphite (New Cumnock, Ayrshire).!

The basalt of Meissner (Lower Hesse) overlies a thick stratum of brown coal which
shows an interesting series of alterations. Immediately under the igneous rock, a thin
seam of impure earthy coal (‘‘letten”) appears as if completely burnt. The next
underlying stratum has been altered into metallic-lustred anthracite, passing downwards
into various black glossy coals, beneath which the brown coal is worthless. The depth
to which the alteration extends is 5'3 metres.” Another example of alteration has
been described by G. vom Rath from Fiinfkirchen in Hungary.® A coal-seam has
there been invaded by a basic igneous rock (perhaps diabase) now so decomposed that its
true lithological character cannot be satisfactorily determined (see p. 775). Here and
there, the intrusive rock lies concordantly with the stratification of the coal, in other
places it sends out fingers, ramifies, abruptly ends off, or occurs in detached nodular frag-
ments in the coal. The latter, in contact with the intrusive material, is converted into
prismatic coke. The analysis of three specimens of the coal throws light on the nature
of the change. Omne of these (A) shows the ordinary composition of the coal at a
distance from the influence of the intrusive rock ; the second (B), taken from a distance
of about 0°3 metre (nearly 1 foot), exhibits a partial conversion into coke ; while in the
third (C), taken from immediate contact with the eruptive mass, nearly all the volatile
hydrocarbons have been expelled.

Ash, Sulphur. Coke. Bitumen.
A.  8-29 per cent. 2074 797 20°3
IBe=#9 730 5 1-112 878 122
C. 4596 ,, 0151 953 47

During the subterranean distillation arising from the destruction or alteration of coal
and bituminous shales, while the gases evolved find their way to the surface, the liquid
products, on the other hand, are apt to collect in fissures and cavities. In Central
Scotland, where the coal-fields have been so abundantly pierced by igneous masses,
petroleum and asphaltum are of frequent occurrence, sometimes in chinks and veins of
sandstones and other sedimentary strata, sometimes in the cavities of the igneous rocks
themselves. In West Lothian, intrusive sheets, traversing a group of strata containing
seams of coal and oil-shale, have a distinctly bituminous odour when freshly broken, and
little globules of petroleum may be detected in their cavities. In the same district, the
joints and fissures of a massive sandstone are filled with solid brown asphalt, which the
quarrymen manufacture into candles.

1 For a recent account of this Cumnock example see H. Bolton, Trans. Geol. Soc.
Manchester, xxiii. (1895). The coal has been made columnar and the columus at their
junction with the basalt pass into graphite, which adheres to the intrusive rock.

2 Moesta, ¢Geologische Schilderung, Meissner und Hirschberge,” Marburg, 1867.

3 @. vom Rath, V. Jahrb. 1880, p. 276. In the above analyses the bitumen includes all
volatile constituents driven off by heat, hence coke and bitumen=100. Another instancé is
described by Giimbel from Mihrisch-Ostrau, where coal is coked by an augite-porphyry,
Verh. Geol. Reichsanst. 1874, p. 55.
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Propylitisation.—Reference may be made here to the changes super-
induced in rocks by the influence of hot vapours and gases (solfataric
action, p. 313). Among these alterations, whereby the characters of
the original propylites of Western America have been induced, are the
conversion of hornblende and biotite into green chloritic pseudomorphs,
-and that of the felspars into epidote.

Marmarosis.—The most frequent alteration undergone by limestone
when invaded by an eruptive rock is its conversion into crystalline or
saccharoid marble. This change may extend only an inch or two from
the edge of a dyke, but may stretch over hundreds of yards where the
eruptive mass has been of large size. As a rule it
is more pronounged in connection with acid than
with basic igneous rocks. A pure limestone will give
rise only to crystalline calcite grains, but if, as so
frequently happens, admixtures of non-calcareous
Fig. 341—Dykes of basaly Sediment are present, they induce the development

(a o a) traversing chalk  of other minerals, such as tremolite and garnet.
(b b), which near the . Dt : e
Hkcos vis Ponvereed ote One of the earliest described examples of this change is that

marble (¢ ¢), Rathlin 2t Rathlin Island, off the north coast of Ireland (Fig. 341).
Island, Antrim, Two basalt dykes (20 and 35 feet thick respectively) ascend
there through chalk, of which a band 20 feet thick separates
them. Down the middle of this central chalk band runs a tortuous dyke one foot
thick. The chalk between the dykes and for some distance on either side has been
altered into a finely granular marble.! On
the east side of the great intrusive mass of
Fair Head the chalk is likewise marmarised.
Another smaller but interesting illustration
of the same change occurs at Camps Quarry
near Edinburgh. The dull grey Burdie House
limestone (Lower Catboniferons), full of valves
of Leperditia and plants, has there been in-
vaded by a basaltic dyke, which, sending
slender veins into the limestone, has enclosed
portions of it. The limestone is found to
have acquired the granular crystalline char-
acter of marble, each little granule of calcite
having its own orientation of cleavage planes
(Fig. 342).

Fig. 842, —Section of limestone (a) (Burdie
Production of New Minerals,.— House) converted into granular marble

Among the phenomena of metamor by basalt (b). Magnified 20 diameters.

phism, whether contact or regional, none is more conspicuous than
the development of new minerals in the rocks affected. Where the
alteration has resulted in fusion, microlites or more definite crystals are
found in the glasses, such minerals as pyroxene, hypersthene, cordierite,
spinel, biotite, ilmenite, &e., being discernible with the microscope. Where,
_ on the other hand, the metamorphism has spread further and may have

! Conybeare, Trans. Geol. Soc. iii. p. 210 and Plate x. One of the most remarkable

examples of marmarosis is the alteration of the (Triassic) limestone of Carrara into the well-
known statuary marble (see postea, p. 804),
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been due not merely to the high temperature of the eruptive mass but to
the vapours with which it was impregnated, a much more conspicuous
development of new minerals is observable. These minerals have usually
an obvious genetic relation to the composition of the rocks in which they
are formed, but in many cases they also bear witness to the introduction
of elements which were not originally present in these rocks. In
argillaceous strata, such as clay-slates, as Mr. Hutchings has pointed out,
one of the most unfailing and sensitive indications of commencing
metamorphism is the progressive decrease in number and increase in size
of the little rutile needles (anfe, p. 171). Next in degree of sensibility is
probably the development of minute scales of biotite. Quartz and felspar
have often crystallized together and in their appearance are intimately
connected. More advanced stages of alteration are marked by the presence
-of what have been called pre-eminently contact-minerals,” particularly
cordierite, andalusite, kyanite and sillimanite. Hence a certain general
order of succession in the development of the minerals may be traced
across a broad areola of contact-metamorphism. On the outer margin of
the ring, the internal re-arrangements and mineralogical re-combinations
show themselves in many argillaceous rocks by the appearance of small
knots or concretions which are replaced further inward by recognisable
silicates, such as staurolite, then by kyanite, followed perhaps further in
by sillimanite, while towards the centre the dark mica whi¢h appears
even in the outer parts of the ring attains a marked prominence, often
accompanied with garnets and other new minerals.! A few examples
may be cited here, but the subject will be more fully illustrated further
on in connection with the production of foliation.

A simple but interesting instance of this kind of contact-metamorphism was described
many years ago by Henslow, from near Plas Newydd, Anglesea. A basalt dyke, 154 feet
in breadth, there traverses strata of shale and argillaceous limestone, which are altered
to a distance of 35 feet from the intrusive rock, the limestone becoming granular and
crystalline, and the shale being hardened, here and there porcellanized, while its shells
(Producti, &c.), though mnearly obliterated, are still traceable by their impressions. In
the altered fossiliferous shale numerous crystals of analcime and garnet have been
developed, the latter yielding as much as 20 per cent of lime.? Similar phenomena
were observed by Sedgwick along the edges of intruded Whin Sill (p. 783) among the
Carboniferous Limestones and shales of High Teesdale.® More recently the interesting
contact-phenomena of this region have been studied in detail by Mr. W. M. Hutchings,
who has found that below the sheet of igneous rock, which is 100 feet thick, meta-
morphism is distinctly appreciable through the limestones and shales down to the
basement conglomerate, a vertical distance of more than 80 feet. The purer limestone
has been converted into marble, quite like what might be due to the influence of granite.
Argillaceous limestone has likewise been rendered completely crystalline, and amidst its
re-crystallized calcite other minerals have been developed, especially idocrase, garnet
and augite, the last two here and there growing out from the edge of the sill like the
teeth of a saw. There occur also pale hornblende in slender needles, epidote, sphene
and a good deal of re-crystallized quartz. The intercalated sandstones have been

1 G. Barrow, Q. J. G. S. xlix. p. 330. For a proposed nomenclature of those rocks in
successive zones of contact-metamorphism, see W. Salomon, Congrés Géol. Internat. Paris, 1900.

2 Cambridge Phil. Trans. i. p. 402,

3 Op. cit. ii. p. 175.
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changed into quartzite. The shales are marked by the production of new mica, with
chlorite, quartz and sometimes felspar, as well as biotite, andalusite, anthopyllite, &ec.
The calcareous shales display the most extreme alteration in the whole section of strata ;
they have sometimes been converted into a brown compact hornfels-like rock, full of
garnets, and containing also idocrase, spinel (enclosed in the garnet and idocrase), the
general ground mass forming a calcareons adinole. The limestone even at a distance of
60 feet from the contact has been completely re-crystallized, while small augite crystals
have been developed at a distance of 40 feet.!
At Rongstock on the Elbe in Bohemia certain Senonian marls have been invaded by
a mass of dolerite or gabbro, probably of Tertiary age. At a distance of 800 metres
from the contact the strata begin to get harder in texture and darker in colour ; at 500
metres their foraminifera become hardly discernible, and at 400 metres are no longer
traceable, their places being taken by calcite. At 200 metres the marls regain their
lighter colour and begin to show little nests o® epidote. This mineral gradually attains
a greater development as the intrusive mass is approached, forming groups of parallel
needles until immediately at the contact the marl is found to have been converted into
a greyish-white banded rock, formed of folia of epidote, garnet, and quartz, while the
interstratified layers of sandstone have been indurated to the compactness of quartzite.?
Among localities where the development of new minerals in proximity to eruptive
rock has taken place on the most extensive scale, none have been more frequently or
carefully described than some in the group of mountains lying to the east and south-east
of Botzen, in the Tyrol (Monzoni, Predazzo). Limestoues of Lower Triassic (or Permian)
age have there been invaded by masses of monzonite, granite, melaphyre, diabase, and
orthoclase-porphyry. They have become coarsely-crystalline marble, portions of them
being completely enveloped in the eruptive rock. But their most remarkable feature is
that in them, and in the eruptive rock in contact with them, many minerals, often
beautifully crystallized, have been developed, including garnet, idocrase, gehlenite,
fassaite, pistacite, spinel, anorthite, mica, magnetic iron, hematite, apatite, and ser-
pentine. Some of these minerals occur chiefly or only in the eruptive masses, others
more frequently in the limestone, which is marked by a lime-silicate hornstone zome
along the junction. But these are all products of contact of the two kinds of rock.
Layers of carbonates (calcite, also with brucite) alternate with lamine and streaks of
various silicates, in a manner strikingly similar to the arrangement found in limestones
among areas of regional metamorphism, where no visible intrusive rock has influenced
the phenomena.®
Alteration of the Intrusive Roek.—While the igneous masses have
produced more or less metamorphism in the rocks with which they have
come into contact, they have mnot infrequently themselves undergone
considerable simultaneous modifications both of composition and structure.
Perhaps the most conspicuous illustrations of this reaction are supplied
where basic intrusions have forced their way among highly carbonaceous

1 W. M. Hutchings, Geol. Mag. 1898, pp. 69, 123.

2 Professor Hibsch, Verkandl. K. K. Geol. Reichsanst. Vienna, 1889, No. 11, p. 204 ;
Bickstrom, Geol. I'oren. Stockholm, xiii. (1891), p. 578.

3 On the Monzoni region, see Doelter, Jakrb. Geol. Reichsanstalt, 1875, p. 207,
where a bibliography of the locality up to the date of publication will be found. Other
papers have since appeared, of which the following dealing with the phenomena of contact-
metamorphism may be mentioned. G. vom Rath, Z. D. G. G. 1875, p. 343 ; ‘Der Mon-
zoni in stidostlichen Tirol,” Bonn, 1875 ; Lemberg, Z. D. G. G. 1877, p. 457. O. v. Hiiber,
Z. D. G. G.1i. (1899), p. 89 ; and the memoir of Briogger on the succession of the eruptive
rocks of Predazzo, being Part ii. of his work on the eruptive rocks of the Christiania district,
cited ante, p. 217.
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strata. A compact cryssalline black heavy basalt or diabase, when it sends
sheets and veins into a coal or bituminous shale, becomes yellow or white,
earthy, and friable, loses weight, ceases to have any apparent crystalline
texture, and, in short, passes into what would at first unhesitatingly be
pronounced to be mere clay. It is only when the distinetly intrusive
character of this substance is recognised in the veins and fingers which it
sends out, and in its own irregular course in the altered coal, that its
true nature is made evident. Microscopical examination shows that this
“wwhite-rock ” or “white-trap” is merely an altered form of some diabasic
or basaltic rock, wherein the felspar crystals, though much decayed, can
yet be traced, the augite, olivine, and magnetite being more or less
completely changed into a mere pulverulent earthy substance. Traces of
the glassy selvage of contact may still sometimes be detected in these
altered rocks.

Examples of this alteration of the intrusive rock have been above referred to. They
may be frequently observed in Central Scotland, where the coal-seams in the coal-fields
have been destroyed by injected sheets of basalt, and where, along the shores of the
Firth of Forth, as well as in water-courses and quarries, innumerable instances occur
of the invasion of black shales by similar material with the consequent production of
““ white-trap.” The following chemical analyses show that basic rocks which have
undergone this kind of alteration have been converted into kaolin and carbonates.

i 8
Silica . 3 5 : 38830 36°8
Alumina 5 r o 13250 22°95
Lime . b : ! 3925 973
Magnesia E 2 3 4-180 285
Soda . { ) ’ 0971 0°5
Potash . 3 £ . 0422 11
Iron protox. . : 2 13°830 4-08
Iron perox. . 5 3 4335 26 TiO,
Carbonic acid ; P 9320 11-9
Phosphoric acid . ) 075
Mangan. protox. . . trace
Water . g . x 11-010 T
100°073 100-96

I. From the South Staffordshire coal-field. Analysed by Henry, Mem. Geol. Surv.,
¢“South Staffordshire,” p. 118. An account of ‘‘ white-trap” by Jukes is given
in this memoir. 1

II. From Newhalls, South Queensferry, Linlithgowshire. Analysed by E. Stecher,
T'schermak’s Mittheil. i. (1887), p. 190; Proc. Roy. Soc. Edin. 1888. These
papers contain the result of Dr. Stecher’s investigation of a collection of
specimens which I sent to him in illustration of the phenomena of contact-
metamorphism in the basin of the Firth of Forth.

In studying the microscopic structure of the rocks which have been altered in this
way, Dr. Stechier has shown that along the edges of contact with the sandstones or
shales, the diabases present a great abundance of well-defined crystals of olivine, that
as the rock is examined progressively further from the contact, these crystals become
more or less corroded, while in the centre of the sheet they so entirely disappear that
the rock appears as a diabase without olivine. He found that the interior parts of the
mass are more acid than the exterior parts, and he attributed this difference to the
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incorporation of silica from rocks (sandstones, &e.) broken through by the diabase.
The outer olivine-bearing selvage he regarded as representing the original composition
of the rock at the time of its extrusion, and he thought that the assimilation of acid
material by the central still fluid and slowly cooling portion led to the corrosion and re-
solution of the olivine which at the time of extrusion, as proved by the marginal selvage,
was already perfectly erystallized out. In some of the rocks he found a surplus of silica
whiéh had crystallized as quartz. Recognising that the first portion to take definite
crystalline form would be more basic than the still liquid portions, he yet concluded
that this will not account for the observed facts, which in his opinion point to an actual
addition of silica.!

Basic rocks have exerted a caustic influence more especially upon the
fragments (xenoliths) of other rocks which they have caught up and
involved. By this action they have incorporated some foreign material
into their substance so as to modify their chemical constitution and to
leave unused only a few refractory minerals like zircon, sapphire, and
others. It has been supposed that no such action occurs among acid
rocks.?2 It is true that in what may be regarded as plutonic or deep-
seated masses of these rocks caustic absorption of this kind appears to be
absent. DBut instances have béen multiplying in late years of large
intrusive masses of acid material which, probably connected with voleanic
protrusions, and therefore exercising their influence nearer the surface
and under diminished pressure, have unquestionably dissolved more or
less of the rocks through which they have risen. Their caustic action
has been most marked when brought to bear upon materials com-
paratively basic in composition, as where granophyre has penetrated and
incorporated gabbro.

The instructive example of this action described in 1894 by Professor Sollas from
Barnavave near Carlingford, in the north-east of Ireland, showed that a Tertiary gabbro
already solid and traversed by joints and cracks was invaded by granitic (or granophyric)
material, which must have been in a state of great flnidity so as to be injected into the
minutest crevices of the older rock (compare Fig. 318). This acid material has absorbed
so much of the gabbro as to present distinet differences of mineralogical and chemical
composition, according to the amount and constitution of the portions thus assimilated.
Professor Sollas believes that at least four varieties of the acid rock owe their characters
to this cause —biotite-granophyre, biotite-amphibole-granophyre, augite-granophyre; and
diallage-amphibole-augite-granophyre.?

Another instance is supplied by the 'granophyre of Carrock Fell, already noticed
(p. 710). Mr. Harker has shown that the augite has been wholly dissolved out of the
portion of the gabbro at the junction and incorporated in the acid rock, and that the
felspar has also in great part been dissolved, though some of the large crystals of plagio-
clase in the modified granophyre may belong to the gabbro, while the iron-ores and
apatite remain with little or no change.* ;

A third illustration has been brought to light by Mr. Harker from the Tertiary
volcanic series of Skye, where a granophyre has invaded a gabbro and has absorbed so
much of the basic material as to constitute fully one-fourth of its own bulk.?

1 See his papers, cited above.

2 Zirkel remarks, for instance, that it is not met with among the fragments enclosed in
granites and syenites, ‘¢ Lehrbuch der Petrographie,” i. (1893), p. 593.

3 Trans. Roy. Irish Acad. xxx, Part xii. (1894), p. 477.

4 Q. J.6, 8 1. (1895), p. 136.

5 Op. cit. lii, (1896), p. 320.
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Production of Foliation.—The most extreme form of contact-meta-
morphism has been reserved for the last part of this section. * In this case
not only have new minerals been developed, but the whole texture,
structure, and composition of the altered rock have been changed, and
this transformation has sometimes been accompanied by such a complete
transfusion or interblending of the erupted and the metamorphosed rock
that no sharp line can be drawn to define their respective limits. Refer-
ence has already been made to some of the aspects of this commingling
in connection with the relation of certain intrusive masses of granite.
‘We have now to consider it rather as it has affected the rocks into which
the granite has been intruded. The chief feature of this intensest type of
contact-metamorphism is the production of a foliated structure, which in
different cases may be observed in every stage of development, from the
incipient micaceous films of a clay-slate or phyllite up to the thoroughly
crystalline condition of a schist or gneiss. This structure is recognisable
whether the line of separation between the eruptive rock and its surround-
ings is distinet, or is lost in that lif par lit alternation which has already
been described (p. 728).: In its feebler development it can be seen to have
followed the pre-existing divisional planes of the rocks affected by it. In
some cases these planes have been those of bedding, in others they have
been those of cleavage, when the latter had become the most pronounced.
But in the extreme stages it is sometimes difficult or impossible to decide
whether the planes of foliation represent previously existing planes or
have been developed along a new series conmnected with the influence of
the intrusive rock. Where a group of sedimentary rocks of tolerably
various petrographical characters strikes at a large eruptive boss, so as to
present to it the ends of successively different strata, the foliation which
follows approximately the margin of the igneous mass, and crosses the strike
of the stratification of the metamorphosed rocks, must obviously be due to
the action of the invading material. The petrographical contrasts between
the original sediments will still be evident in their metamorphosed condi-
tion, so that the character of the material and the degree of its foliation
‘may be expected to vary as the metamorphism is followed from argillace-
ous to siliceous or calcareous bands. These features have a special signi-
ficance, as they connect in the most intimate way the phenomena of
contact and regional metamorphism.

It is natural that various opinions should be entertained as to the
cause of the rough parallelism which may thus be traced between the
margin of the eruptive mass and the direction of the foliation in the
immediately adjacent rocks. If we regard the foliation in regional
metamorphism as having had its planes determined by shearing stresses,
increasing even to rupture, we may suppose that some similar mechanical
effects were produced around a great boss of eruptive material driven like
a huge wedge into the terrestrial crust, and that along the planes of
cleavage or rupture thus orginated the foliation was simultaneously or
subsequently developed, with the co-operation of the mineralising agents
supplied from the intrusive mass. There appear to be cases where large
masses of eruptive material have taken their places in the crust before the
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completion of the organic movements, and have consequently undergone
some part of the stresses to which the foliation of the surrounding rocks
is ascribed.! On the other hand, without invoking mechanical aid we
may seek the explanation in a possible permeation of the metamorphosed
rocks by the mineralising agents successively passing outward from the
body of intruded magma, with the consequent formation of successive
zones of re-crystallization parallel with the periphery of the plutonic
mass. Or we may consider whether there might not be an actual trans-
ference of the magma itself across the surrounding rocks which it was
able to absorb and incorporate, so as in cooling and crystallizing to give
rise to segregations of minerals along successive planes parallel to the
body of cool rock outside and to the surface of the hot mass inside.

A vast number of instances of such extreme forms of contact-
metamorphism have now been described in detail from all parts of the
world. Space can be found here for only a few illustrative examples,
taken from some leading types of intrusive rock.

Granite.—Round the granite bosses of Devon and Cornwall, already referred to
(ante, p. 728), the Devonian and Carboniferous forma-
ations have undergone remarkable changes, which
have long been cited as classic examples of contact-
metamorphism. Fine greywacke and slate have been
converied into mica - schist and varieties of gneiss
(cornubianite). In some cases the slates become in-
durated and dark in colour, and new minerals (schorl,
chiastolite, &ec.) are developed in them. The volcanic
bands intercalated with the sedimentary series likewise
undergo alteration, the ‘‘ greenstones,” in particular,
becoming much more coarsely crystalline as they
approach the granite. Each boss of granite is sur-
Fig. 848, Dyke-liké portionsetSchorl. 1-ounded. with its ring o'f metafnorph‘ism, which V‘fxries
schist in Devonian slate, west of Sreatly in breadth and in the intensity of alteration.?
Victoria, Cornwall, Interesting sections may be seen near Victoria, Corn-
wall, which show the manner in which schorl has been

introduced from below into the slates and has given rise to schorl-schist. It will be
remembered that schorl contains some 10 per cent of boric acid and a little fluorine, two
of the mineralising agents which are regarded as especially effective in the contact-meta-
morphism produced by granite. In the sections here referred to, the schorl has been
introduced into vertical joints or fissures of the silvery slates or killas (¥ ig. 843, A),

! As already pointed out (p. 718), this development of the crystalline structure in plutonic
rocks at such a time and under such conditions is Dr. Weinschenk’s piezocrystallization.
Compt. rend. congrés. Géol. Internat. Paris, 1900, p. 340,

2 De la Beche, ‘ Report on Geology of Devon and Cornwall,” Mem. Geol, Survey, 1839,
p. 268.  See also Forbes, Trans. Geol. Soc. Cornwall, ii. p. 260, and Boase, op. cif. iv. (1832),
p. 166. The microscopic structure of the unaltered slates of Cornwall has been described
by Allport, Q. J. . S. xxxii. (1876), p. 407, and that of the greenstones by J. A. Phillips,
op. cit. xxxiv. (1878). Some interesting observations on the metamorphism of Cornish and
other slates are given by Sorby in his Address to the Geological Society, op. eit. xxxvi.
(1880), p. 81 efseq. More recent information regarding the granite and metamorphism of
the south-west of England has been supplied by General M‘Mahon, Q. J. (. S. xlix. (1893),
p. 385 ; 1. (1894), p. 338 ; F. Rutley, @. J. G. S. lii. (1896), p. 66 ; Busz, Geol. Mag. 1896,
p. 492; A. Somervail, Geol. Mag. 1898, p. 509.
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which for a distance of three or four inches on, either side have b
their usual pink tint into white and pale yellow. The laminz
sometimes been puckered, and between them the schorl has be
black leaves. Those leaves rapidly die out on either hand; a
above each other with only thin partings of slate between them,
distance like black veins or dykes, from a few inches to a foot o )
(Fig. 343, B), Where they occur, the slates, which are usually soft and decomposing,
have heen greatly indurated ; the granite is probably in place at no great depth below,
but it does not here reach the surface. It has evidently given off, however, mineralis-
ing solutions which ascended through weak parts of the slates, introducing into
them the silica which has indurated the rock and formed eyes of quartz and likewise
the aluminous silicate, thh its boric acid, fluorine, and iron-oxide, which separated out
as schorl.

In'the Lake District of the north of England excellent examples of the phenomena
of contact may be observed round the granite of Skiddaw. The alteration here extends
for a distance of two or three miles from the central mass of granite. The slate, where
unaltered, is a bluish-grey cleaved rock, weathering into small flakes and pencil-like
fragments. Traced towards the granite, it first shows faint spots,! which increase in
number and size until they assume the form of chiastolite erystals, with which the slate
is now abundantly crowded. The zone of this chiastolite-slate seldom exceeds a quarter
of a mile in breadth. Still closer to the granite, a second stage of metamorphism is
marked by the development of a general schistose character, the rock becoming more
massive and less cleaved. The cleavage-planes are replaced by an incipient foliation due
to the development of abundant dark little rectangular or oblong spots, probably
imperfectly crystallized chiastolite, this mineral, as well as andalusite, occurring also in
large crystals, together with minute flakes of mica (spotted schist, Knotenschiefer). A
third and final stage is reached when, by the increase of the mica and quartz-grains, the
rock passes into mica-schist—a light or bluish-grey rock, with wonderfully contorted
foliation, which is develped close to the granite, there being always a sharp line of
demarcation between the mica-schist and the granite.?

In the same region the granite boss of Shap has produced some interesting changes on
the andesitic rhyolitic and more basic lavas and tuffs associated with the Lower Silurian
strata. These changes have been studied by Messrs. Harker and Marr, who describe
the gradual alteration of the andesites by the development of brown mica, hornblende,
sphene, and other minerals. The amygdaloidal cavities had been filled with secondary
products, and the rocks had been considerably weathered before the intrusion of
the granite, for the materials filling the vesicles partake in the general metamorphism.
By the gradual increase of the brown mica and the production of a marked laminated
structure indicated by the parallel disposition of the mica-flakes, these lavas and tuffs
assume the aspect of true crystalline schists.?

Farther north, in the south-western counties of Suotland several large masses of
fine-grained granite rise through the Lower Silurian greywacke and shale, which,
around the granite for a variable distance of a few hundred yards to nearly two miles,
have undergone great alteration (see Fig. 300). These strata are ranged in steep
anticlinal and synclinal or isoclinal folds, which run across the country in a general

1 Mr. Hutchings has found that in the neighbouring district of Shap the spots which were
thought to be probably andalusite consist of cordierite, and in some cases of white mica.
Geol, Mag. 1894, p. 65.

2 J. C. Ward, Q. J. G. S, xxxii. (1876), p. 1. Compare the development of andalusite
in regional metamorphism, p. 797, note. L

3 Harker and Marr, Q. J. G. S. xlvii. (1891), p. 266, and xlix. (1893), p. 359, where
some interesting conclusions are given as to the trivial and partial nature of the chemical
changes produced by thermometamorphism.
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north-east and south-west direction. It is observable that this normal strike continues,
with little modification, up to the granite, which thus has replaced an equivalent area of
sedimentary rock (see p. 728). The coarser arenaceous beds, as they approach the granite,
are changed into quartz-rock, the thin siliceous shales into Lydian-stone, the black
anthracitic graptolite-shales into a compact mass charged with pyrites, and breaking
into large rough blocks. The radiolarian cherts pass from their usnal flinty texture
into coarsely erystalline quartz-rocks. Strata wherein felspar-grains abound “have been
altered to a greater distance than the more siliceous beds, and show a gradation through
spotted schist§, with an increasing development of mica and foliation, until along the
edge of the granite they become true mica-schist and even a fine kind of gneiss.! The
pebbly conglomerates which form a marked horizon among the unaltered rocks, are
traceable in the metamorphosed areole as rocks which, at first sight, might be taken for
some kind of porphyritic gneiss. Their quartz-pebbles have assumed a resinous aspect,
and are enveloped in a crystalline micaceous paste.

The French Pyrenees present instruetive examples of the effect of the protrusion
of granite and other eruptive rocks upon Cambrian and later formations. Fuchs traced
the metamorphism of clay-slate through spotted schists (frucht-, chiastolite-, and
andalusite-schists) into mica-schist and gneiss.2 The region was afterwards studied in
great detail by Barrois, who distinguished three successive zones in the metamorphic
areola surrounding the granite. On the outside lies the zone of ‘‘goffered schists,” in
which a puckered structure has been developed without any new mineral combination
of the elements of the rock. Next come the chiastolite-schists, with ecrystals of
chiastolite, tourmaline, &c., which become more and more micaceous towards the interior,
till they pass into the third and innermost zone, that of the leptinolites, which are
highly micaceous schists with small crystals of chiastolite, and sometimes with tour-
maline, rutile, and triclinic felspar. Barrois also showed that round the masses of
kersantite a ring of chloritic mica-schist has been developed, followed outside by one
of spotted schists.?

More recently the granite of the Pyrenees and its contact phenomena have been
made the subject of detailed studies by Lacroix. He shows that in the Haute Ariége
the Silurian or Devonian clay-slates not only pass into the usnal phyllitic and micaceous
condition, but become like the most ancient mica-schists, and immediately next the
granite have been felspathised until they assume even a gneissic aspect. The felspathic
substance is supposed to have been introduced partly by imbibition, and is then only
discoverable by the aid of the microscope, partly by injection where the granite has
penetrated in thin layers between the lamin of the schists. Great changes are likewise
made on the limestones, which assume the usual marmarised forms, with numerous meta-
morphic minerals, passing into garnet rocks, epidote rocks, and other compounds. In
discussing the origin of these changes, Lacroix adopts the view that they have been
essentially brought about through the influence of the mineralising agents<with which
the granite was charged. He further shows that the granite itself presents great
diversity of composition in different parts of its mass, passing into diorite, norite, and

1 J. Horne, Mem. Geol. Surv. Scotland, Explanation of Sheet 9, p. 22. DBrit. Assoc.
1892, p. 712. J. Horne and J. J. H. Teall, Mem. Geol. Surv. Scotland, Explanation
of Sheet 5, and more especially the large Memoir on the Silurian Rocks of Scotland (1899),
chap. xxviii. The microscopic structure of the altered rocks in this district has been
studied by Professor Bonney and Mr. Allport, Proc. Roy. Soc. xlvi. (1889), and Miss M. J.
Gardiner, Q. J. G. S. xlvi, (1890), p. 569.

2 N. Jahrb. 1870, p. 742 ; see also Zirkel, Zeitsch. Deutsch. Geol. Ges. xix. (1867), p.
175.

3 ¢Recherches sur les Terrains anciens des Asturies et de la Galice,” quarto, Lille, 1882 ;
J. Roussel, Bull. Carte. Géol. France, v. No. 85 (1893); Carez, B. S. . F. xxiv. (1896), p.
389 ; xxv. (1897), p. 456 ; Caralp, xxiv. p. 528 ; Stuait Menteith, p. 898.
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even eridotite, and he accounts for these differences not by supposing any ditferentiation
of the constituent materials of the rock, but by supposing that the granite has probably
involved and assimilated in various proportions the calcareous sediments through which
it has risen.?

A large series of important observations has been made by Barrois in Brittany with
regard to the granites and metamorphism of that region. Thus at Guéméné, in the
maritime department of Morbihan, where Lower Silurian strata have been invaded by
granite, the sandstones (grés  scolithes) have been converted into micaceous quartzites.
These altered rocks, traced farther inwards, are further distinguished by the develop-
ment in them of sillimanite, sometimes in sufficient abundance to impart a foliated,
undulated, gneissoid structure. At the contact with the eruptive rock, this quartzite
shows re-crystallized quartz, black 1nica, sillimanite, cordierite, and a good many crystals
of orthoclase and plagioclase, besides white mica. The matrix of the conglomerates is
altered into a mass composed of rounded or angular grains of quartz united by abundant
white sericitic mica, and eontammg some crystals of zircon, large plates of muscovite,
and yellow granules of limonite.?

In connection with the French examples of contact-metamorphism reference may
again be made here to the important researches of M. Michel-Lévy on the extent to
which sedimentary rocks have been transformed into crystalline schists by the intro-
duction of granitic material into them (anfe, p. 728). It has been proved by this
geologist, and his observations have since been counfirmed in other countries, that in some
cases (which are probably more frequent than has been suspected) the strata have beeu
““ granitised ” or permeated with the constituents of granite not merely as large veins or
dykes, but in minute threads and laminse, which follow generally the more marked
divisional planes, such as those of bedding, cleavage, or foliation. To quote only one
example in this place, near the contact of the micaceous schists of Saint Léon with the
granite which pierces them, this observer found that the eruptive rock has been injected
between the planes of the schists in leaves from a few millimetres to one or two centi-
metres thick. The rock has thus a ribboned appearance from the alternation of numerous
dark micaceous layers with the finely granular pink or white seams of granite. By such
a process of metamorphism and injection, undoubted sedimentary strata have acquired
a structure that can hardly be distinguished from that of some ancient gneisses.3

Another admirable locality for the study of contact-metamorphism is the eastern
Vosges. -Rosenbusch, in describing the phenomena there, has shown that the unaltered
clay-slates are grey, brown, violet, or black, thinly fissile, here and there curved,
crumpled, and crowded with kernels and strings of quartz.* Traced towards the granite
of Barr Andlau, they present an increasingly pronounced metamorphism. First they
assume a spotted appearance, owing to the development of small dark points and knots;
which increase in size and number towards the granite, while the ground-mass remains

_unaltered (knotenschiefer, fruchtschiefer). The ground-mass of the slate then becomes
lighter in colour, harder, and more crystalline in appearance, while flakes of mica and
quartz-grains make their appearance. The knots, now broken up, rather increase than

1 Bull. Carte. Géol. France, No. 64, tome x. 1898 ; No. 71, tome. xi. 1900. (See ante,
p. 710.)

2 Ann. Soc. Géol, Nord. x1. (1884), p. 103 ; xii. pp. 1, 68; xv. p. 238; xvi. p. 10;
Bull. Carte Géol. France, No. 7, 1889. The occurrence of trilobites and orthids in slates so
altered as to eontain well-developed crystals of chiastolite was long ago noticed by Puillon-
Boblaye (Compt. rend. vi. 1836, p. 168) ; his observations were confirmed by the Comte de
Limur, B. 8. G. F. xiii. p. 55.

3 See besides the papers by Michel-Lévy, Horne, and Greenly, cited ante, p. 729, another
by the first-named author, Congr. Géol. Internat. 1888, p. §9.

4 Neues Jahrb., 1875, p. 849, ‘Die Steigerschiefer und ihre Contact-Zone,” Strassburg,
1877. Unger, Neues Jahrb., 1876, p. 785.
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diminish in size ; the hardness of the rock rapidly increases, and the fissile structure
becomes unrecognisable on a fresh fracture, though observable on a weathered surface.
Still nearer, the granite, the knot-like concretions disappear from the rock, which then
has become an entirely crystalline mass, in which, with the lens, small flakes of mica
and grains of quartz can be seen, and which under the microscope appears as a thoroughly
cerystalline aggregate of andalusite, quartz, and mica. The proportions of the ingredients
vary, but the andalusite and quartz usually greatly preponderate (andalusite-schist).
Chemical analysis shows that the unaltered clay-slate and the crystalline andalusite-
schist next the granite consist essentially of similar chemical materials, and that
¢ probably the metamorphism has not taken place by the addition or subtraction of
mattér, but by another and still unknown process of molecular transposition.”! In
some cases, boric acid has been supplied to the schists at the contact.? Still more
striking, perhaps, is the condition of the rocks at Rothau ; they have become lorn-
blendie, and their included corals have been®replaced, without being distorted, by
erystals of hornblende, garnet, and axinite.?

In the Christiania district of Southern Norway, singularly clear illustrations of the
metamorphism of sedimentary rocks round eruptive granite have long been known.,
Kjerulf has shown that each lithological zone of the Silurian formations, as it approaches
the granite of that district, assumes its own distinetive kind of metamorphism. The
limestones become marble, with crystals of tremolite and idocrase. The calcareons and
marly shales are changed into hard, almost jaspery, shales or slates ; the cement-stone
nodules in the shales appear as masses of garnet ; the sandy strata become hard siliceous-
schists (halleflinta, jasper, hornstone) or quartzite ; the non-calcareous black clay-slates
are converted into chiastolite-schists, or graphitic schists, but often show to the eye
ouly trifling alteration. Other shaly beds have assumed a fine glimmering appearance ;
and, in the calcareous sandstone, hiotite has been developed. In spite of the meta-
morphism, however, neither fossils nor stratification have been quite' obliterated from
the altered rocks. From all the stratigraphical zones fossils have been found in the
altered belt, so that the true position of the metamorphosed rocks admits of no doubt.*
Professor W. C. Briogger has subjected the rocks of the zones of contact-metamorphism
round Christiania to a searching mieroscopic examination, and has published a highly
important aud interesting memoir on the subject. He describes the unaltered and
altered conditions of the more conspicuous stratigraphical bands, and thus provides new
material for the investigation of contact-metamorphism. Especially interesting are his
descriptions of the distinctive metamorphism of each band, the remarkably variable
amount of alteration even in the same band, the persistence of recognisable graptolites
even in rocks that have become essentially crystalline, the transformation of limmestone
into marble, of which a fourth or fifth part is composed of garnet, partly in large
rhombic dodecahedrons, and partly as a mould enclosing Orthis calligramina.’

Around the intrusive granite and syenite in the schist district of the Elbe valley hills
in Saxony some varied manifestations of contact-metamorphism have been described
by F. Becke.® The Silurian clay-slates have there been converted into knotted schists

1 Unger, op. cit. p. 806.

2 Rosenbusch, ¢ Die Steigerschiefer,” &e., p. 257.

3 Ann. des Mines, 5™ sér. xii. p. 318.

1 ‘Geologie Norwegens,” 1880, p. 75. For the literature of the Norwegian locality see
E. Reyer, Jahrb. Geol. Reichsanst. xxx. (1880), p. 26.

5 ‘Die Silurischen Etagen 2 und 3 im Kristiania Gebiet,” Kristiania, 1882. Reference
may be made here to the excellent monograph by H. Bickstrém on the crystalline rocks of
Vestand, Scania, in Southern Sweden, Handl. K. Svensk. Vetensk. Akad. xxix. (1897).
He there describes the metmorphism of a series of quartzites and other sedimentary rocks,
including certain dacite-tuffs.

8 Tschermak’s Mitthed. xiii. (1893), p. 290. Round the syenite of Meissen in Saxony,
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and hornfels ; the Kieselschi¢fer into graphitic quartzite ; the limestones into marble
and lime-silicate rocks with impregnation of iron-ores; the diabases and diabase-tuffs
(schalsteins) into hornblendic rocks. The Devonian greywacke has been, in like manner,
turned into hornfels and knotted mica-schist, while the conglomerate, still retaining its
recognisable quartz and quartzite pebbles, has had its ground mass entirely altered
into a holocrystalline aggregate of quartz and biotite, together with muscovite and
plagioclase. Some of the rocks even assume a gneissoid character.

One further Europeari example may be cited from the observations of F. E. Miiller,
who has described round the granite of the Hennberg near Lehesten in the Franken-
wald the occurrence of knotted schists, chiastolite-schists, knotted mica-schists, and
andalusitic mica-rocks.!

The same phenomena have been observed in many other parts of the world. One
example from America may suffice to show how precisely the facts collected in the Old
World are repeated in the New. An elaborate examination was made of the contact-
metamorphism of the granite of Albany, New Hampshire, by the late Mr. G. W.
Hawes.? His analyses indicate a systematic and progressive series of changes in the
schists as they approach the granite. The rocks are dehydrated, boric and silicic acids
have been added to them, and there appears to have been also an infusion of alkali
directly on the contact. He regarded the schists as having been impregnated by very
hot vapours and solutions emanating from the granite.

Diorite.—On the whole, it may be said that the Lreadth and iutensity of contact-
metamorphism decrease in proportion to the increase of basicity in the eruptive mass.
Granitic and allied acid rocks present the broadest zones of alteration, and in these the
transformations reach a maximum, while around rocks like basalt the metamorphism is
often comparatively slight, and seldom extends many feet beyond the immediate neigh-
bourhood of the intrusive mass. The complicated group of diorites and other rocks
described by G. H. Williams as the ¢ Cortland” series .of Peekshill, New York, have
been shown by J. D. Dana and by him to be accompanied by an interesting series of
alterations of the surrounding schists and limnestones. As the mica-schists are followed
across the strike in the direction of the intrusive mass, they are observed to become more
and more puckered, the intensity of the alteration increasing in proportion as the intrusive
rocks are approached, but at the actual contact the original schistose structure almost
wholly disappears and the rock becomes hard and massive, sometimes consisting of an
almost colourless pyroxene with some hornblende and quartz. The metamorphism, as
shown by the disappearance of the quartz and muscovite of the schists and the develop-
ment of biotite, sillimanite, stanrolite, kyanite, and garnet, consists of an addition of
alumina and iron and a corresponding decrease in the proportions of silica and the
alkalies. No fewer than eighteen minerals are enumerated as having been developed by
contact-metamorphism in the zone of alteration.?

Diabase.—A classical region for the study of contact-metamorphism is in the Harz.
Besides the granite masses of the Brocken and Ramberg, around which the Devonian
and older Pal®ozoic rocks are altered into various flinty slates and schists, dykes and
other masses of a crystalline diabase have been erupted through the greywackes and
shales. These strata at the contact and for a varying distance beyond, have_been con-
verted into hard siliceous bands (hornstone) and into various finely foliated masses
(fleckschiefer, bandschiefer, contactschiefer, the spilosite and desmosite of Zincken).

the diabases, when they come within the areole of contact-metamorphism, pass into actinolite-
schists and anthophyllite-schists. K. Dalmar, Blatt 64 (Tanneberg) Erliuter. Special-Kart.
Sachsen (1889) ; A. Sauer, op. cit. Blatt 48 (Meissen). >

1 Neues Johrb. 1882 (2), p. 205.

2 Amer, Journ. Sci. xxi. (1881), p. 21.

3 Dana, Amer. Journ. Sct. xxii. (1881), p. 314; G. H. Williams, op. cif. xxxvi. (1888),
p. 254,
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The limestones have their carbon dioxide replaced by silica in a broad zone of lime-
silicate along the contact.! The black compact limestone of Haserode becomes a white
saccharoid marble, charged with silicates (rhombic dodecahedrons of garnet, &ec.) and
with its carbonaceous matter segregated into abundant veins. A limestone band con-
taining ironstone presents, in the Spitzenberg between Altenan and Harzburg, a garnet-
iferous magnetite containing well-preserved crinoid stems.®

Lherzolite and Ophite.—The limestones and calcareous shales of Liassic age in the
Pyreneeshave been invaded by masses of Iherzolite, and have in consequence undergone
contact-metamorphism, passing into hornfels (cornéenne), spotted mica-schists, and horn-
blendic rocks that present a great external resemblance to the altered rocks found around
granite. Their characteristic minerals, scapolite, biotite, tourmaline, pyroxenes,
amphiboles, and felspars (anorthite to .orthose) have been developed in them by
metamorphism, their own original ‘individualised minerals baving been obliterated,
except microcrystalline calcite, and sometimes a little clastic quartz. Their colouring
organic matter has been entirely removed from around the contact, but reappears some
hundreds of metres away from it. Professor Lacroix in describing these phenomena
points out that while the highly magnesian lherzolite has no alkalies, the metamorphosed
sediments contain them in abundance as well as other elements, such as boron and
titanium, which are likewise absent from the eruptive rock. He contends that although
the altered strata have undoubtedly snpplied a portion of the elements required for the
development of the new minerals, a large part of these elements has certainly been
brought up from Dbelow in the form of emanations or fumaroles, having a composition
quite different from that of the eruptive rock. The action of these substances has been
especially energetic along the contact which was their line of escape, and where the
sedimentary rocks have been entirely transformed into silicates.®

Serpentine and Fourchite (a rock composed almost entirely of granular angite with
a ground mass of finer granules of the same mineral). Certain sandstones and radiolarian
cherts in Angel Island, San Francisco, have been invaded by these basic rocks, and
have undergone a remarkable metamorphism along their contact with them. In each
case they have been converted into holocrystalline amphibole-schists, in which the
amphibole is the beautiful blue variety known as glancophane. Both the sandstone and
the cherts have undergone this transformation, which occurs with the same general
characters along the contact with each of the intrusive rocks. From the fact that the
schist produced from the alteration of the sandstone presents no essential difference from
that formed out of the chert, and also that no distinctive feature can be detected between
the metamorphism effected by the fourchite from that due to the serpentine, Mr.
Ransome concludes that the unknown causes that have led to the development of the
glaucophane and its accompanying minerals are not confined to any single rock, but
must be dependent upon the common properties of at least two of them, the chert and
sandstone on the one side, and the serpentine and fourchite on the other.* He thinks

1 Zincken, Karsten und v. Dechen, Archie. v. p. 345 ; xix. p. 583. Fuehs, N, Jahrb.
1862, pp. 769, 929. K. A. Lossen, Z, D. G. G. xix. p. 509 (on the Taunus) ; xxi. p. 291 ;
xxiv, p. 701. Kayser, op. cit. xxil. p. 103. The memoirs of Lossen form some of the
most important contributions to our knowledge of the phenomena of metamorphism.

2 K. A, Lossen, Z. D. G. G. xxix. 1877, p. 206. Erlduter. Geol. Special- Kart, Preuss.
Blatt, Harzgerode (1882).

3 Nouv. Archiv. Muséum, Paris, 30 sér. vi. ; Bull. Carte. Géol. France, No. 42, vi. 1895,

1 F. Leslie Ransome, ‘“The Geology of Angel Island,” Bull. Geol. Univ. California,
i. No. 7 (1894), p. 193. That these glauconite-schists are the result of contact-meta-
morphism has been also affirmed by Professor A. C. Lawson in his sketch of the geology
of the San Francisco peninsula (15th Ann. Rep. U.S. Geol. Swurv.). More recently Mr.
H. W. Turner has thrown doubt on the observations, but without any further explanation of
them. Jowrn. Geol. vi. (1898), p. 490.
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that possibly both the intrusive rocks may have come from the same original reservoir.
If they were endowed with the same mineralising agents and possessed similar
temperatures, we may suppose that they would exercise much the same kind and
amount of metamorphic influence, and possibly the chemical composition of the sand-
stone (which contains 70:50 per cent of silica) may not have been markedly different
from that of the chert.

§ ii. Regional Metamorphism—the Crystalline Schists.!

From the phenomena of metamorphism round a central boss of
eruptive rock, we now pass to the consideration of cases where the meta-
morphism has affected wide areas without visible relation to eruptive
matter. It is obvious, however, that in many regions eruptive rocks,
though they do not appear at the surface, may lie at no great distance
beneath it, and hence that what have been regarded as proofs of regional,
may really be results of contact-metamorphism. The difficulty of dis-
crimination is-lessened in proportion to the extent of the region in which
no exposure of igneous rock makes its appearance. Under any circum-
stances, only those examples are here admissible in evidence where there
is distinct proof that what are called metamorphic rocks either pass into
masses which have not heen metamorphosed, or present characters which
are proved to have been produced by the alteration either of stratified
or of massive rocks, in other areas of too wide an extent to warrant the
attribution of the alteration to the influence of any igneous rock. In
the study of this difficult but profoundly interesting geological problem,
it is desirable to begin with the examination of rocks in which only the
slightest traces of alteration are discernible, and to follow the gradually
increasing metamorphism, until we arrive at the most perfectly developed
crystalline condition. It is the earliest stages which are of most im-
portance, for it is there that the nature and proofs of the changes can
best be established. As already remarked (p. 766), the igneous rocks,

1 Qut of the copious literature devoted to this subject it may be sufficient to cite here
chiefly some of the earlier writings, in addition to others of later date, which will be referred
to in the following pages: Delesse, Mém. Savans Etrangers, xvii, Paris, 1862, pp. 127-222;
Ann. des Mines, xii. (1857) ; xiii. (1858) ; ¢ Etudes sur le Métamorphisme des Roches,’ Paris,
1869 ; Durocher, *‘ Etudes sur le Métamorphisme des Roches,” B. 8. G. F. (2), iii. (1846) ;
Daubrée, A nn. des Mines, 5Mme série, xvi. p. 155 ; Bischof, ¢ Chemical Geology,’ chap. xlviii. ;
J. Roth, ‘‘Ueber die Lehre von Metamorphismus,” Abhandlungen dkad. Berlin, 1871, pp.
151-282; 1880 ; Giimbel, ¢Oestbayerische Grenzgebirge,” 1868 ; H. Credner, Zeitsch.
Gesammt. Naturwiss. xxxii. (1868), p. 853 ; N. Jakrb. 1870, p. 970 ; A. Inostranzeff, ¢Studien
iiber metamorphosirte Gesteine,” Leipzig, 1879; A. Heim, ¢Untersuchungen iiber den
Mechanismus der Gebirgsbildung,” 1878 ; A. Rothpletz, Z. D. G. G. xxxi. (1879), p. 374 ;
H. Reusch, ‘Die fossilien-fillrenden krystal-linischen Schiefer von Bergen,” German
translation by Baldauf, 1888. Newes Jakhrb. (Beilageband), 1887, p. 56 ; ‘ Bommelden og
Karmoen,' 1888 ; Rep. Geol. Congress, London, 1891, p. 192: Lehmann, ‘ Untersuchungen
iiber die Entstehung der altkrystallinischen Schiefer,” 1884 ; J. J. H. Teall, Geol. Mag. 1886,
p- 481 ; G. H. Williams, Bull. U.S. G. S. No. 62 (1890). The papers onthe Crystalline
Schists by Heim, Lory, Lehmaun, Michel-Lévy, Lawson, and the U.S, Geol. Survey in the
report of the London Session of the International Geological Congress (published in 1891)
should be consulted.

VOL. II G
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from the definiteness of their original structure and composition, offer
special facilities for following the nature and extent of the changes
involved in the metamorphism of a region or of a large series of rocks.

As in the case of contact-alteration, the extent and character of regional
metamorphism depend in the first place upon the original constitution of
the rock acted upon, and in the second place upon the energy of the
metamorphic processes. Certain rocks resist alteration. Pure siliceous
sandstones, for example, become quartzites, but generally advance no further,
though occasionally, under intense strain, their particles are drawn out
into a somewhat schistose arrangement. But where felspathic elements
are present, particularly where they are the chief constituents, some form
of mica almost invariably appears, while other new minerals and structures
may be developed in progressively increasing abundance. These changes
generally culminate in the production of some form of crystalline schist.

The most distinctive character of Schists is undoubtedly their foliation
(p. 244, and Fig. 34). They have usnally a more or less conspicuously
crystalline structure, thongh occasionally this is associated with traces, or
even very prominent manifestations, of original clastic ingredients. Their
foliated or schistose structure varies from the massive or granitie type of
the coarsest gneiss down to the extremely delicate arrangement of the
finest talcose or micaceous schist. They occur sometimes in monotonous
uniformity ; one rock, such as gneiss or mica-schist, covering vast areas.
In other places, they consist of rapid alternations of various foliated masses
—gneiss, mica-schist, clay-slate, actinolite-schist, and many other species
and varieties. Lenticular seams of crystalline limestone or marble and
dolomite, usually with some of the minerals mentioned on p. 192, some-
times strongly graphitic, not unfrequently occur among them, especially
where they contain bands of serpentine or other magnesian silicates.
Thick irregular zones of magnetite, hzmatite, and aggregates of horn-
blendic, pyroxenic, or chrysolitic minerals likewise make their appear-
ance along the folia of the gneisses.

Another conspicuous feature of Schists is their usual intense erumpling
and plication. The thin folia of their different component minerals are
intricately and minutely puckered (Figs. 35, 36). Thicker bands may be
traced in violent plication along the face of exposed crags. So intense
indeed have been the internal movements of these masses, that the geo-
logist experiences great and often insurmountable difficulties in trying to
make out their order of succession and their thickness, more especially as
he cannot rely on the banding of the rocks as always or even generally
an indication of consecutive deposition. Such evidence of disturbance,
though usually strongly marked, is not everywhere equally so. Some
areas have been more intensely crumpled and plicated, and where this is
the case the rocks usually present their most conspicuously crystalline
structure.

A further eminently characteristic feature of Schists is their common
association with bosses and veins or bed-like sheets of granite, syenite,
quartz-porphyry, diorite, epidiorite, gabbro, diabase, or other massive
rocks. In some regions, indeed, so abundant are the granitic and
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pegmatitic masses and so coarsely crystalline or granitoid are the schists,
that it becomes impossible to draw satisfactory boundary-lines between the
two kinds of rock, and the conviction arises that in some cases they may
represent different conditions of the same original material, while in others
they may be due to granitisation (pp. 728, 781).

The term “Crystalline Schists” has been generally applied to rocks
possessing these characters, and more especially to those examples of them
which underlie the oldest stratified formations. Some account of these
ancient schists will be given in Book VI. Part I. At present we are con-
cerned with the evidence which can be produced that crystalline schists
are in some areas the result of a widespread metamorphism of rocks which
were not originally schists, and which might not even be crystalline. In the
investigation of the problem now to be considered it is especially desirable
to study examples where a crystalline and foliated structure has been
superinduced upon ordinary sedimentary strata without the visible inter-

- vention of any eruptive rock, or where a massive eruptive rock passes by
degrees into a true schist; in short where the steps in the gradation
between the unaltered and altered conditions can be clearly traced. In

_ recent years so much attention has been given to these transformations
that our knowledge of metamorphic processes has been greatly extended,
and the problem of regional metamorphism, though by no means entirely
solved, is at least much more clearly understood than it has ever been
before.

There is now a general agreement among geologists that a funda-
mental condition for the production of extensive mineralogical alteration
of rocks has been disturbance of the terrestrial crust, involving the intense
compression, crushing, fracturing, and stretching of masses of rock.
Compression, as we have seen, may give rise to slaty cleavage (p. 417).
But it has often been accompanied or followed by further internal trans-
formations in the rocks. Chemical reactions have been set up and
new minerals have been formed. The effects of pressure and of move-
ment under great strain in quickening chemical activity are now clearly
recognised. Not only have the original minerals been driven to re-
arrange themselves with their long axes perpendicular to the direction of
the pressure, but secondary minerals with well-marked cleavage have been
developed along the same lines, and thus a distinctly foliated structure has
been induced in what were originally amorphous rocks.

Still more marked are the changes that have resulted where the
shearing movements have given way to actual rupture, and where the
rocks have been crushed, faulted, and stretched. The extraordinary
manner in which the crust of the earth has been fractured in some areas
of regional metamorphism has been worked out in great detail by the
Geological Survey in the north-west of Scotland.! We there perceive
how slice after slice of solid rock has been pushed forward, one over the
other, how those accumulated slices have been driven over others of
similar kind, how this structure has been repeated again and again, not
only on a great scale involving mountain-masses in the movement, but

1 Q. J. 6. S. xliv. (1888), p. 378.
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even on so minute a scale that the ruptures and puckerings cannot be
seen without a microscope (pp. 792, 886).

Such dynamical movements could not but be accompanied ‘with wide-
spread and very marked chemical rearrangements. Along the margins
of faults or planes of movement where shearing has been succeeded by
rupture, the rocks have been ground against each other; the crushed
material has assumed a foliated structure, in which the folia are parallel
to the planes of movement. This foliated selvage, with its new mineral
combinations, gradually passes into the amorphous or less erushed rock on
either side. In such places, sericite, biotite, chlorite, or some other
secondary product with its cleavage-planes ranged in one common direction,
shows the line of movement and theweality of the chemical recombinations.
In the body of a mass of rock, also, subject to great strain, relief has
been obtained by rupture and crushing along certain planes, with a
consequent greater development of the secondary minerals along these
planes, and the production of a banded or schistose structure in a rock
that may have been originally quite homogeneous! (Figs. 266 and 367).

The recognition of the powerful part taken by mechanical deformation
in producing the characteristic structures of many schistose rocks has _
not unnaturally led to some exaggeration on the part of geologists, who
were thus provided with what appeared to be a solution of difficulties
which at one time seemed insuperable. There can hardly be any doubt
that the theory of mechanical deformation has been too freely used and
has beer: applied to structures to which it cannot properly be assigned.
Among the coarser gneisses, for example, the segregation of widely
distinet minerals, such as quartz, felspar, hornblende, pyroxene, magnetite,
&ec., in more or less parallel lenticular bands is a structure that seems to
find its nearest analogy in the banding of eruptive masses of gabbro and
other rocks already described (p. 711), where the alternations of different
material are obviously original and have arisen from the simultaneous
intrusion of heterogeneous materials. The effect of subsequent mechanical
deformation and crystalline rearrangement may sometimes have partially
or wholly obliterated this first banding by a later foliation (Figs. 362, 368).

But while this tendency to a too liberal use of dynamical causes in
explication of all the structures of the crystalline schists must be admitted,
we are now furnished with ample evidence of the efficacy of mechanical
movements in the production of regional metamorphism. As has been
above (p. 681) pointed out, it is frequently possible to detect portions of
the original structures, to show that they belonged to certain familiar
and definite types of sedimentary or eruptive rocks, and to trace every
stage of transition from them into the most perfectly developed erystalline
schist. In the crushing down of large masses of rock during powerful
terrestrial movements, lenticular cores of the rocks have frequently escaped
entire destruction. Round these cores the pulverised material of the
rest of the rock has been made to flow, somewhat like the flow-structure
round the porphyritic crystals of a cooling lava (compare Figs. 18 and 265).
Successive gradations may be followed until the cores, becoming smaller

1 G. H. Williams, B. U.S. . S. No. 62 (1890), pp. 202-207.
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by degrees, pass finally into the general reconstructed material. That
this structure is not original, but has been superinduced upon the rocks
after their solidification, can thus be abundantly demonstrated. Among
the sedimentary formations the elongation and flattening of the pebbles
in conglomerates, and the transition from grits or greywackes into foliated
masses, prove the structure to have been superinduced (Figs. 265, 267).
Among eruptive rocks the crushing down of the original minerals, and
their transformation into others characteristic of foliated rocks, afford
similar proof.

So great has been the pressure exerted by gigantic earth-movements
upon the rocks of the crust that even the most solid and massive
materials have been sheared, and their component minerals have been
made to move upon each other, giving a flow-structure like that
artificially produced in metals and other solid bodies (pp. 419, 681).
But it may be doubted whether this motion is ever strictly molecular
without rupture of the constituent minerals. Microscopic examination
shows that, at least as a general rule, the minerals in the most thoroughly
bent and crushed rocks have been broken down. It is observable that
under the effects of mechanical strain the minerals first undergo
lamellation, twinning being developed along certain planes.  This
structure increases in distinctness with the intensity of the strain so long
as the mineral (such as felspar) retains its cohesion, but its limit of endur-
ance is eventually reached, beyond which it will erack and separate into
fragments, which, if the movement is arrested at this stage, may be
cemented together by some secondary crystallization of the same or
another mineral filling up the interspaces. But should the pressure
increase, the mineral may be so wholly pulverised as to assume a finely
granular (mylonitic) structure or a mosaic of interlocking grains, which
under the influence of continual shearing may develop a streaky arrange-
ment, as in flow-structure and foliation.!

One of the most important effects of this mechanical deformation
and trituration has been the great stimulus thereby given to chemical
reactions. These were effected under gigantic pressures, at more or less
elevated temperatures and in the presence of at least such water as may
have been interstitially contained in the rocks. So constant and so great
have they heen, and so completely in many cases have the ingredients of
the rocks been recrystallized in fresh combinations, that the new structures
thus produced have been apt to mask the proof of the mechanical deforma-
tions that preceded or accompanied them. It is in the main to the light
thrown on the subject by the microscopical investigation of the minute
structures of the metamorphosed masses that we are indebted for the
recognition of the important part played by pressure and stretching in
the production of the more essential and characteristic features of
metamorphic rocks. Many chemical rearrangements may undoubtedly
take place apart from any such dynawmical stresses, but none of these
stresses appear to have affected the metamorphic rocks without being
accompanied by chemical and mineralogical readjustments.

1 Lehmann, op. cit. pp. 245, 249 ; G. H. Williams, B. U.S. 7. S. No. 62, p. 47.
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The mineral transformations observable in regional metamorphism
“may consist (1) in the breaking up of one molecule into two or more
‘with but little replacement of substance, as in the formation of saussurite
from labradorite; (2) in a reaction between two contiguous minerals,
each supplying a part cf the substance necessary to form a new
compound of intermediate composition, more stable for the then existing
conditions than either, as in the formation of a hornblende zone between
crystals of olivine or hypersthene and plagioclase; or (3) in more
complicated and less easily understood chemical reactions, like the
formation of garnet or mica from materials which have been brought
together from a distance, and under circumstances of which it is at present
impossible to state anything with cestainty.”! The following transforma-
tions especially deserve attention.

Micasisation—the production of mica as a secondary mineral from felspars or other
original constituents. One of the most common forms of this change is where the silky
unctuous sericite has been developed from orthoclase (sericitization). The formation of
mica is one of the most common results of the mechanical deformation of rocks, and is
most conspicuous where the pressure or stretching has been most intense. Massive
orthoclase rocks, such as granite, quartz-porphyry or felsite, when most severely crushed,
pass into sericite schist ; felspathic grits and slates may be similarly changed.?

Uralitisation—the conversion of pyroxene into compact or fibrous hornblende.
This change may not be a mere case of paramorphism or molecular rearrangement, but
seems generally to involve a certain amount of chemical transformation, such as the
surrender of part of the lime of the pyroxene towards the formation of such combinations
as epidote,® and the higher oxidation of the iron.* It has taken place on the most
extensive scale among the crystalline schists. Rocks which can be shown to have been
originally eruptive, such as diabases, have been converted into epidiorite, and where the
deformation has advanced further, into hornblende-schist or actinolite-schist.

Epidotisation—the production of epidote in a roek from reactions between two or
more minerals, especially between pyroxene or hornblende and plagioclase. In some
cases diabases have been converted into aggregates of epidote and quartz or
calcite, epidosite, epidote-schist (p. 253).%

Saussuritisation—the alteration of plagioclase into an aggregate of needles, prisms,
or grains (chiefly zoisite), imbedded in a glass-like matrix (albite), by an exchange of
silica and alkali for lime, iron, and water. This change has largely affected the felspar
of coarse gabbros or euphotides, in districts of regional metamorphism.®

Albitisation—a process in whieh, while the lime of the plagioclase is removed or
crystallizes as calcite, instead of forming a lime-silieate like epidote or zoisite, the rest
of the original mineral recrystallizes as a finely granular aggregate or mosaic of elear

1 G. H. Williams, Bull. U.S. G. S. No. 62 (1890), p. 50. This admirable essay, with its
copious bibliography, will well repay the careful perusal of the student. I am indebted to it
for the abstract of metamorphic processes above given. The student may usefully consult
the suggestive essay of Mr, C. R. Van Hise on the metamorphism of sedimentary and igneous
rocks, with especial reference to the pre-Cambrian series of North America, 16¢4 Ann. Rep.
U.S. G. 8. (1896), pp. 683, 715.

2 See especially Lehman’s ¢ Untersuchungen iiber die Entstehung der altkrystallinischen
Schiefergesteine,” where the development of sericite as a result of mechanical deformation is
well enforced. 3 Rosenbusch, ‘ Mikrosk. Phys.” 2nd edition (1887), p. 185.

4 3. J. H. Teall, Q. J. G. 8. xli. (1885), p. 137.

5 A. Schenck, ‘Die Diabase der oberen Ruhrthals,” 1884.

6 Hagge, ‘ Mikroskopische Untersuchungen iiber Gabbro,” &c. Kiel, 1871, p. 51.
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grains of albite. Examplts of this change may be found in associatio
development of saussurite.!

Chloritisation—an alteration in which the pyroxene (or hornblende) of the so-
‘“greenstones ” has been changed into secondary substances (1) more or less fibrous in
structure allied to serpentine, not pleochroic but showing a decided action on polarised
light ; or (2) scaly, pleochroie, polarising so weakly as to appear isotropic, and more or
less resembling chlorite. This alteration is rather the result of weathering than of
metamorphism in the strict sense.? Where chloritization and epidotization have
proceeded simultaneously in aluminous pyroxene or hornblende, the result is an aggregate
of sharply defined pale yellow erystals of epidote in a green scaly mass of chlorite.?

Serpentinisation—an alteration more especially noticeable among the more highly
basic igneons rock in which olivine has been a prominent constituent. The gradual
conversion of olivine into serpentine has been already described (Fig. 82), and the
oceurrence of massive and schistose serpentine has been referred to (pp. 241, 243, 253).

Alterations of Titanic Iron.—The ilmenite or titaniferous magnetite of diabases and
other eruptive rocks undergoes alteration along its margins and cracks into a dull
grey substance (leucoxene, p. 97), which is a form of titanite or sphene. The grey rim
frequently passes into well-defined aggregates and crystals of sphene.*

Marmarosis, or the alteration of an ordinary dull limestone into a crystalline-
granular marble (p. 772) may be again referred to here as one of the characteristic
transformations in regional metamorphism.

Dolomitisation.—The conversion of limestone into dolomite has been already referred
to as taking place at present at ordinary temperatures in shallow oceanic waters and salt-
lakes (pp. 426, 530). As illustrations of this change reference may be made to the upraised
Tertiary and other limestones of Christmas Island in the Indian Ocean, which have had
their organisms almost completely obliterated in consequence of dolomitisation, the
rocks having recrystallised.> It may be difficult or impossible to decide whether the
extensive conversion of original limestone into dolomite in tracts of regional metamor-
phism is to be regarded as the result of some similar early operation in sea-water, or as
due to some more deep-seated and later transformation. The marmarosis of dolomites
must be distinguished from their original texture.

Grawitisation. See pp. 728, 781.

Production of New Minerals.—Tracts of regional metamorphism are characterised by
the abundant appearance of new minerals, which in many cases are the same as those
found in zones of contact-metamorphism, but reach a much greater development. All
the distinctive minerals of the crystalline schists are examples of this recrystallization
—quartz, orthoclase, microline, oligoclase, and other felspars, muscovite, biotite,
hornblende, pyroxene, garnet, cordierite, sillimanite, andalusite, epidote, apatite, zircon,
rutile, iron-ores, graphite, and many more. In the coarser gneisses some of these
minerals attain large dimensions, especially among the pegmatitic veins, plates of mica
and crystals of hornblende sometimes exceeding a foot in length.

It has been remarked also that not only is there a close similarity in the range of
new minerals produced in regional and in contact-metamorphism, but the order in
which they follow each other through increasing phases of alteration appears to be
broadly alike in both cases. ™This similarity is especially conspicuous in the earlier
stages. In more advanced alteration the rearrangements and recrystallizations are
carried ont on a much greater scale in regional metamorphism. “After Zirkel had shown

! Lossen, Jahrb. Preuss. Geol. Landesanst. 1883, p. 640 ; 1884, pp. 525-530. Duparc
et Pearce, Compt. rend. 8th Jan. 1900.

2 Rosenbusch, ¢ Mikroskopische Physiographie,” pp. 180-184,

3 G. H. Williams, Bull. U.S. G. 8. No. 62, p. 56.

4 A Cathrein, Zeitsch., Kryst. und Mineral. vi. (1882), p. 244.

5 Andrews, ‘Christmas Island,” p. 271.
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in 1871 that in some of the clay-slates of disturbed Silurian and Devonian formations
microscopic acicular microlites had been developed, considerable diversity of opinion
arose as to their nature and origin. They were variously regarded as rudimentary
crystallizations of hornblende, rutile, epidote or other mineral. E. Kalkowsky carefully
isolated, extracted, and analysed them from a number of slates and regarded them as
staurolite, constituting from two to five per cent of the rock.! The whet-slate of
Belgium was found by Renard to be characterised by the presence of abundant garnets.
Microscopic tourmaline has likewise been detected among clay-slates, but probably the
most generally diffused mineral among these microlites is rutile. The rocks in which
these microlites occur can hardly be classed as metamorphic, and yet the presence in
them of microscopic microlites and crystals shows that they have undergone some of the
initiatory stages of metamorphism, by the development of new minerals. All that is
known of the probable origin of these minerals, negatives the supposition that they
could have been formed in the original sediméhit of the sea-bottom on which the organisms
entombed in the deposits lived and died. For their production, a temperature and a
chemical composition of the water would seem to have been required, such as must
have been inimical to the co-existence in the same water of such highly organised forms
of life as brachiopods and trilobites.

Besides the appearance of the microlites, one of the most marked of the early stages
of regional metamorphism is characterised by the appearance of fine scales of some
micaceous mineral (muscovite, biotite, &c.). As these micaceous constituents inerease in
number and size, they impart a silky lustrous aspect to the surfaces on which they lie
parallel. In many cases, these surfaces are probably those of original deposit, but where
rocks have been cleaved or sheared, the mica ranges itself along the planes of cleavage
‘or shearing. The Cambrian tuffs of South Wales, of which the bedding still remains
quite distinct, present interesting examples of the development of a mica along the
lamine of deposit.? The Dingle beds of Cork and Kerry, on the other hand, have been
subjected to cleavage, and the mica appears along the cleavage planes, which have a
lustrous surface. The Torridonian and Cambrian sandstones, quartzites and shales of
north-west Scotland show a development of mica along the sutfaces of the shearing-
planes.

A few illustrative examples of regional metamorphism, culled from
different quarters of the globe, and various geological formations, may
here be given. The subject is further discussed in Book VI. Part 1.

Scottish Highlands.—This region, consisting mainly of crystalline schists,
stretches through four degrees of latitude and four and a half of longitude, and thus
covers an area of not less than 16,000 square miles. As, however, these rocks sink
beneath later formations, and are prolonged into Ireland, their total area must be still
more extensive. Probably no other tract of similar size and geological structure has
been worked out in such detail and traced upon maps on so large a scale. It was the
first Jarge area of schistose rocks where the dislocations and other movements connected
with regional metamorphism were followed out into their smallest proportions, and where
the tectonic structure of such an area was fully unravelled. It may therefore serve as a
typical region for the study and explanation of the phenomena of metamorphism, in so
far as these have been attendant on the deformation and rapture of the terrestrial erust.
But it possesses a further advantage, inasmuch as it displays many eruptive rocks
which lLave been intruded since the general foliation, and which have produced a

1 Newes Juhrb. (1879), p. 382. These bodies are to be distinguished from the minute
crystals of heavy, durable minerals (zircou, rutile, &e.), so common as clastic grains in
sediments, which, representing the detritus of older crystalline rocks, may often have played
a part in the sedimentation of more than one geological period (pp. 163, 179).

2 . J. G. S. xxxix. (1883), p. 310.
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marked contact-metamorphism of the schists already metamorphosed by the earlier
movements.

In beginning the study of this complicated but profoundly instructive territory, the
student will find that in the north-western .

counties of Sutherland and Ross he can g 2 g I
reach a tract that lay beyond the reach of 2z Z4 =
the intense disturbances which prevailed = 2058
farther to the east and south. He can SRAT
there readily see, in a series of magnificent % ’:‘?
nataral sections, the very oldest undis- 2 5;&
turbed rocks in Western Europe followed 5 gz
in consecutive order by those of later date, 2 $E8s
each in its normal position. He is thus %é‘i_g
put in possession of the order in which ' f-g'{;‘
the formations were laid down, of their Eo5E
unchanged mineral characters, of their o -

unconformabilities and other relations, and
he obtains the key which will enable him
to follow the intricate complications of the
ground lying to the east. The various rocks
here referred to will be described in their
proper places in later parts of this volume
(Book VI. Part I.§ ii., Part II. Sect. i. § 2).
For the present we are only concerned with
their broad characters and their sequence.
At the base of the whole pile of ancient
formations lies a remarkably coarse erystal-
line gueiss (Lewisian, 1 in Fig. 844), with
abundant pegmatite veins, and several
systems of dykes. It is unconformably
overlain by mnearly flat brownish -red
(Torridonian) = sandstones, conglomerates
and breceias (2), which in turn are sur-
mounted unconformably by inclined beds
of quartzite (3, 4), shales (5), calcareous
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Already before the deposition of the Torridonian conglomerates and sandstones the
Lewisian gneiss had undergone much deformation at successive periods of disturbance.
During some of these movements its dykes suffered remarkable changes, being squeezed
into a mere fraction of their breadth and sheared into various kinds of schist. It was
from one of these dykes that, as far back as 1885, Mr. Teall demonstrated the production
of hornblende-schist by the crushing down and reerystallization of dolerite.l All these
examples of dynamo-metamorphism had ended long before the time of the Torridonian
strata, which lie with an abrupt unconformability on the eontorted gneiss and its network
of dykes. The long period of quiet sedimentation represented by the thick Torridon
sandstones was followed by an interval marked by another unconformability, and there-
after by the prolonged time required for the accumulation of the fossiliferous Cambrian
strata. It was at some subsequent epoch that the earth-stresses manifested their effects
anew in this region, and produced the regional metamorphism now to be described.

It was believed by Macculloch and Hay (funningham that the fossiliferous quartzites
of the north-west of Scotland truly anderlie and are older than the eastern gneiss, which
in many clear natural sections can be seen to repose conformably npon them. This
natural view was adopted and worked out in some detail by Murchison, who extended his
generalisation over the whole area of the Highlands, which he regarded as composed
essentially of metamorphosed Silurian rocks (see p. 892). Other geologists supported
Murchison, whose opinions met with general acceptance. Nicol subsequently contended
that the overlying or ‘‘newer gneiss” is merely the old gneiss brought up by faulting.
Later writers, particularly Professor Lapworth, Dr. Callaway, and Dr. Hicks, advanced
somewhat similar opinions; but the difliculty remained of explaining how, if the
“newer gneiss” is really older than the fossiliferous strata, it should overlie them so
conformably as to have deceived so many observers. The problem was subsequently
attacked independently by Professor Lapworth and by the Geological Survey, especially
by Messrs B. N. Peach, J. Horne, W. Gunn, C. T. Clough, L. Hinxman, and H. M.
Cadell, and has now been solved.? I fully shared Murchison’s belief in a continuous
upward succession from the fossiliferous Lower Silurian strata into the overlying schists,
but the subsequent detailed investigation of the ground convinced me that this belief
could no longer be entertained.

Tracing the unaltered Cambrian strata eastwards from where they lie in their normal
position upon the Torridon Sandstone and old gneiss below, we find them begin to
undergo curvature. They are thrown into N.N.E. and 8.S.W. anticlinal and synclinal
folds which become increasingly steeper on their western fronts until they are disrupted,
and the eastern limb of a fold is pushed over the western. By a system of reversed
faults (t t in Fig. 344), a single group of strata is made to cover a great breadth of
ground and actually to overlie higher members of the same series. The most extra-
ordinary dislocations, however, are the Thrust-planes. These have so low a hade that
the rocks on their upthrow side have been, as it were, pushed horizontally westwards,
in some places for a distance of at least ten miles. But for the evidence of the clear
coast-sections, these thrust-planes could hardly be distinguished from ordinary strati-
fication-planes, like which they have been plicated, faulted, and denuded (dotted lines
in the Fig.). Here and there an outlier of horizontally displaced Lewisian gneiss may
be seen capping a hill of quartzite and limestone like an ordinary overlying formation.

The general trend of all the foldings and ruptures is N.N.E. and 8.5.W., and as the
steeper fronts of the folds face the west, the direction of movement has obviously been
from the opposite quarter. That there has been an enormous thrust from the eastwards,
is further shown by a series of remarkable internal rearrangements that have been

1 «“The Metamorphosis of Dolerite into Hornblende-schist,” ¢. J. . S. xli. (1883),
p. 133.

2 The literature of this disputed question is fully given in the Report of the Geological
Survey, Q. J. G. S. xliv. (1888), pp. 379-387. :
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superinduced upon the rocks. Every mass of rock, irrespective of lithological character
and structure, is traversed by striated surfaces, which lie approximately parallel with
those of the thrust-planes, and are covered with a fine parallel lineation runningin a’
W.N.W. and E.S.E. direction. Along many zones near the thrust-planes, and for a
long way above them, the most perfect shear-structure has been developed (Fig. 345).
Thus here and there, where the unconformable junction between the gneiss and the
conglomerate has come into one of the great lines of crushing, it has been rolled out,
and the old structures of both rocks have been effaced. The gneiss has acquired a new
foliation parallel to the shear-planes, and the conglomerate, with its pebbles turned
round in the same direction, has had its paste converted into a schist, the foliation of
which is parallel to that superinduced in the gneiss (Fig. 267). The coarse pegmatites in
the gneiss have had their pink felspar and milky quartz erushed and drawn out into fine
parallel lamine, till they assume the aspect of a rhyolite in which fluxion-structure

Fig. 345.—Diagram df altered Torridon sandstone, Coinne-mnheall, Assynt.
@, Coarse grit or arkose; b, finer do. ; ¢, shale; d, pegmatitic material developed as a consequence of
the erushing of the rocks by movement in the direction of the arrow.

has been exceptionally well developed. Hornblende-rock passes into hornblende-schist.
Sandstones, quartzites, and shales become finely micaceous schists. The annelide-tubes
in the quartzite are flattened and drawn out into ribbands. New minerals, especially
mica, and even aggregates of pegmatite (Fig. 845), have been abundantly developed
along the superinduced divisional planes, and, in many cases, their longer axes are
ranged in the same dominant direction from E.S.E. to W.N.W.

The whole of these rocks have undergone such intense shearing during their west-
ward displacement that their original characters have in many cases been obliterated.
Among them, however, can be recognised bands of gneiss which undoubtedly belong
to the underlying Lewisian series. With these are intercalated lenticular strips of
Cambrian quartzite and limestone. In some areas the Torridon sandstone has been
leaped on itself, sheared and driven westward in large slices, the sandstones passing
into sericitic schists and the conglomerates, as above remarked, having their pebbles
flattened and elongated, while the matrix has become full of secondary mica. Some of
the slices of rock thus disrupted and thrust westwards for distances of many miles are of
gigantic size. Thus in the west of Inverness-shire those of moved Lewisian gneiss have
been mapped by Mr. Peach over areas of more than 50 square miles without their limits
being reached.! Eastwards, above one of the most marked and persistent thrust-planes,

v Summary of Progress of Geol, Surv. for 1898, p. 7.
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the prevailing rock is a flaggy fissile micaceous granulitic gneiss or gneissose flagstone
(“ Moine-schist,” p. 892). All these rocks have a general dlp and strike parallel with
those of ‘the Cambrian strata on which they now rest, and in this respect, as well as in
their prevailing lithological characters, they present the most striking contrast to the
rocks that unconformably underlie the quartzites a little to the west. Whatever may
have been their age and original condition, they have certainly acquired their present
structure since Cambrian times.

From the remarkably constant relation between the dip of the Cambrian strata and
the inclination of the reversed faults which traverse them, no matter into what various
positions the two structures may have been thrown, it is tolerably clear that these dis-
locations took place before the strata had been seriously disturbed. The persistent
parallelism of the faults, folds, and prevailing strike indicates that the fanlting and
tilting were parts of one continuous process. The same dominant north-easterly trend
governs the structure of the whole Highlands, and reappears over the Silurian tracts
of the south of Scotland and north of England. If, as is probable, it is the result of one
great series of terrestrial movements, these must have occurred between the middle or
close of the Cambrian period and that portion of the Old Red Sandstone period re-
presented by the breccias and conglomerates of the Highlands. When the rocks were
undergoing this metamorphism, there lay to the north-west a solid ridge of old gneiss
and Torridon sandstone which offered strong resistance to plication (A in Fig. 344).
The thrust from the eastward against this ridge must have been of the most gigantic
kind, for huge slices, hundreds of feet in thlckness, were shorn off from the quartzites,
limestones, red sandstones, and gneiss, and were pushed for miles to the westward.
During this process, all the rocks driven forward by it Liad their original stracture
more or less completely effaced. New planes, generally parallel with the surfaces of

_ movement, were developed in them, and along these new planes a rearrangement and
recrystallization of mineral constituents took place, resulting in the production of
crystalline schists.

East of the line of Great Glen which euts Scotland in two, crystalline schists form the
eastern, central, and southern Highlands (Dalradian, p. 893). Though their order of
succession cannot always be made ont, they consist mainly of what were at one time
sedimentary strata, with intercalated bands of igneous rocks which have likewise been
foliated. The amount of metamorphism which they have undergone varies considerably
from one part of the region to another. In the district of Loch Awe the shales,
phyllites, grits, and limestones are hardly more altered than the fossiliferous Silurian
formations of the south of Scotland,’ and it is not too much to hope that they may yet
yield organic remains. From this tract of minimum metamorphism we pass outwards
through increasing phases of alteration until not far to the north-east the same strata
became thoroughly crystalline schists. The stages which eulminate in this transforma-
tion have been studied in the ground to the south-cast, where the original sedimentary
strata are found to have undergone a remarkable series of repeated movements. -
After Laving been thrown into folds and having undergone cleavage, thus receiving
a first system of deformation, they afterwards suffered more than one repetition of the
treatment. They consequently present secondary, tertiary, and perhaps even quaternary
structures that may be asciibed to mechanical movement with accompanying recrystalliza-
tion. The regional metamorphism thus produced cannot be traced to the influence of
any igneous intrusion. It is not uniformly distributed, but seems to increase in intensity
both from south-east and north-west towards a N.E. and S.W. line, which is an anticline
of the foliation.?

Throughout the Central Highlands the rocks are as crystalline as any pre-Cambrian
schists.  Yet in many places unmistakable traces of clastic structure can be detected

U Mr. J. B Hill, @. J. G. 8. 1v. (1899), p. 470.
? “Geology of Cowal,” Messrs. Clough and J. B. Hill, Mem. (feol. Survey, 1897.
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fragments of quartz, felspar, or other ingredients, and even of codrse co
large boulders of which (granite, gneiss, &ec.) are wrapped round in a sc 04 gL Pu/'c
At present there is no clear indication of the age of these rocks. The only fo -Hérbry
in them are annelide burrows, which have been detected in the quartzites of Perthshire,
Islay, and Jura. The limestones, of which two marked bands on different horizons traverse
the Highlands from north-east to south-west, have in general become too crystalline to
retain organic structures. Zones of graphitic schist can be followed for long distances,
and often recall the black graptolitic shales of the Lower Silurian series. The officers of
the Geological Survey have discovered, wedged in between the schists and the great
boundary fault on the southern margin of the Highlands, a group of strata which present
strong resemblance to some Lower Silurian rocks in the Southern Uplands of Scotland.
They include certain cherts containing Radiolaria, and also some peculiar igneous rocks.
They shade off so insensibly into the schistose series that no satisfactory line can be
traced between them. If these strata are definitely identified as Lower Silurian, the
conclusion may be drawn that the latest deformation of.the Highland rocks took place
after the Arenig period, and that these rocks probably include metamorphosed Silurian,
Cambrian, and pre-Cambrian strata.?

The Scottish Highlands furnish further interesting material for the study of the
problems of metamorphism, in the various eruptive rocks which they include. Thus in
Banffshire and Aberdeenshire, large masses of diorite, diabase, and gabbro cut the
schists in places, but run on the whole parallel with the general strike of the region.
Their appearance, though later than that of the rocks through which they have come, was
earlier than the regional metamorphism. The diorite has, in many places, itself under-
gone great alteration. Its component ininerals have ranged themselves in the direction
of the prevalent foliation, and where they have, probably originally, separated into distinet
aggregates, the felspar forms a kind of labrador-rock, while the hornblende assumes the
structure of perfect hornblende-schist. Numerous bosses of granite and porphyries likewise
occur, traversing the diorites and schists and therefore of still later date. We have already
seen (ante, p. 729) that in the Northern Highlands extensive tracts of schist have been
¢ granitised ” by the permeation of granitic material into them, and especially between
their laming, whereby they have become highly crystalline gneisses. In the Southern
Highlands also Mr. G. Barrow has found evidence that over and above the earlier wide-
spread effects of great dynamical movements, a marked amount of metamorphism of
the schists may be traced to the influence of younger erupted granites and gneisses.> He
shows that a vast number of pegmatite veins which traverse the schists may be traced
into bosses of intrusive granite or gneiss, the great mass of which is concealed below
ground. He finds that three well-marked zones can be observed in the schists, of which
the first, lying nearest to the main body of eruptive material, is marked by an abundance
of sillimanite, the next by kyanite, and the outermost by staurolite. He has followed
the same band of altered sedimentary material across these zones, which are thus shown
to be entirely independent of the original structure of the rocks. These observations,

1 1t is important to note, as showing the relation of regional to contact-metamorphism
that every stage in the development of the andalusite can be traced in these slates, though
1o ernptive rock appears at the surface. J. Horne, Mineral. Mag. 1884. T have proposed
to class the metamorphie rocks of the Central and Southern Highlands by the name of Dal-
radian, for convenience of reference, until their true geological position shall have been deter-
mined. Address Q. J. G. S. (1891), p. 75, and postea, Book VI. Part L. § ii.

2 See Annual Reports of Geol. Survey for the years 1893, 1895, 1896, and Summary of
Progress for 1899, p. 67 ; G. Barrow, . J. G. S. lvii. (1901), p. 328.

3 It has now been definitely ascertained that the younger granites of the south-west
Highlands are later than the Lower Old Red Sandstone voleanic series of Lorne. Swmmary
of Progress of Geol. Surv, for 1901.
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which have been extended over many hundred square miles of Forfarshire, Perthshire,
and Aberdeenshire, are of much interest and importance as they serve to connect the
phenomena of contact and regional metamorphism.!

Scandinavia.—In many respects the geological structure of the Scandinavia
peninsula is a prolongation of that of the Scottish Highlands. The general sequence of
ancient rocks is broadly similar, and the manner in which they have been disrupted and
metamorphosed closely resembles that which has been established in Scotland.
Neither in Norway nor in Sweden has the same minutely detailed mapping been
attempted, which has led to such successful results in the Highlands, but enough has
been ascertained to show the general tectonic structure of the region and to afford addi-
tional material for the comprehension of regional metamorphism. A line drawn from
south to north through the back-bone of Scandinavia divides the country into two
great tracts, which are distinguished by this broad difference, that the western region"has
been the scene of gigantic movements of the #errestrial crust (p. 693), from which the
eastern has been comparatively free. Hence the same formations on the two sides of the
Peninsula present strongly contrasted aspects. These formations range from the most
ancient (Archean) gneisses through certain pre-Cambrian sedimentary groups of consider-
able thickness, then through representatives of the Cambrian, and Lower and Upper
Silurian formations up to certain red sandstones, which are supposed to be stratigraphical
equivalents of the Old Red Sandstone of Britain (pp. 898, 924). Along the eastern
belt of territory the succession of the rocks is easily determined, for their distinctive
petrographical characters remain, and the fossiliferous strata have yielded an abundant
series of organic remains. In the western belt, on the other hand, owing to enormous
horizontal displacements and numerous minor thrusts, the various rocks have been
ruptured, and slices of them have been pushed over each other, while at the same time

they have lost their original lithological aspect and have acquired more or less com-
pletely crystalline structures. The pre-Cambrian arkose known as Sparagmite is thus
transformed westwards into various quartzose, niicaceous, and hornblendic schists, accord-
ing to its composition, and even into forms of gneiss. The Palzozoic formations can no
longer be separated from each other, the shales and sandstones become transformed into
various crystalline schists and quartzites, while the limestones are marmarised. Yet even
among these intensely altered rocks organic remains have not been wholly effaced. In
the year 1882 H. Reusch obtained from the Bergen district clear proof of the Silurian
age of certain crystalline rocks in that part of Norway.? He found among masses of
mica-schist, hornblende-schist, gneiss, and other erystalline rocks, intercalated bands of
conglomerate which, while obviously of clastic origin, have undergone enormous com-
pression, the pebbles being squeezed flat and the paste having become more or less ery-
stalline. The occurrence of such bands would of itself suggest a sedimentary origin for
a considerable part, if not for the whole of that series of deposits. But from several
localities he obtained confirmation of this inference by detecting fossils which have been
recognised as undoubtedly Upper Silurian.” Some of them occur in a erystalline lime-

1 G. Barrow, Q. J. G. S. xlix. (1893), p. 330.

2 ¢ Silurfossiler og Pressede Konglomerater i Bergensskifrene,” Christiania, 1882, trans-
lated into German by R. Baldauf, ¢Die fossilien-fiithrenden krystallinischen Schiefer von
Bergen in Norwegen,” Leipzig, 1883. The metamorphism of that district is proved to have
‘been connected with powerful dynamical movements, the latest of which are of younger date
than the Upper Silurian period. Prof. Brdgger, in a valuable contribution to the discussion
of the metamorphism of the Norwegian fjelds (No. 11 of the Norg. Geol. Undersig., 1893),
recognised the original character of some of the altered rocks, and to what subdivisions of the
Palaozoic formations they belong. It is now admitted that the Cambrian and Silurian strata
in the Hardanger section are not really continued upward into the overlying schists, as had
been supposed, but that these schists have been driven over them upon a great thrust-plane.
H. Reusch, J. Rekstadt, and K. O. Bjorlyke. Op. cit. Aarbog, 1902, No. 2. See postea, p. 970.



PART vIH § ii REGIONAL METAMORPHISM 799

stone, which is intercalated in a dark lustrous phyllite. But they are found, as casts,
most abundantly in a light-grey lustrous micaceous schist, which, under the microscope,
is observed to be composed in large measure of quartz, not having a fragmental aspect,
with mica, rutile, and tourmaline. The fossils recognised comprise Phacops, Calymene,
several undeterminable gasteropods and brachiopods, Cyathophyllum, Halysites
catenularia, Favosites, Rastrites, Monograptus, and some others, More recently
abundant encrinites have been found in one of the schists among the high fjelds near
Sulitelma on the Swedish frontier.!

Ardennes.—As far back as 1848, Dumont published a description of the Belgian
Ardennes, in which he showed that a zone of his * terrains ardennais et rhénan,” had
undergone a remarkable metamorphism. Sandstones, in approaching this zone, were
transformed, he said, into quartzites, and by degrees passed into rocks characterised by
the presence of garnet, hornblende, and other minerals ; the slates (phyllades) gradu-
ated into dark rocks, in which magnetite, titanite, and ottrelite had been developed.
Yet the fossiliferous character of the strata thus metamorphosed liad not been destroyed.
In specimens showing a gradation from a grit to a compact garnetiferous and hornblendie
quartzite, Professor Sandberger, to whom they were submitted, recognised the presence of
the two Devonian shells, Spirifer macropterus and Chonetes sarcinulatus. ‘‘The garnets
and the fossils are associated in the same specimen,” he wrote, adding, ¢‘ who, after this,
can hesitate to admit that the crystalline schists and quartzites of the Hundsriick and
Taunus are likewise metamorphosed Taunusian rocks ?” 2

In 1882, M. Renard, fortified with the resources of modern petrography, renewed the
examination of Dumont’s metamorphic area of the Ardennes, and conclusively established
the accuracy of all the main facts noticed by the earlier observer, Not only do the
geological structure of this region, and the occurrence of recognisable fossils, show that
the rocks, now transformed into more or less crystalline masses, were originally parts of
the ordinary series of Devonian sandstones, greywackes, and shales, but the microscope
comes in to confirm this conclusion. The original clastic grains of quartz and the diffused
carbonaceous material of the unaltered strata can still be recognised in their metamor-
phosed equivalents. But there have been developed in them abundant new minerals—
garnet (1 to 2 mm.), hornblende, mica, titanite, apatite, bastonite, ottrelite.?

Dumont appears to have believed that the metamorphism which he had traced so
well in the Ardennes was to be attributed to the influence of underlying masses of
eruptive rocks, though he frankly admitted that the metamorphism is less marked where
eruptive veins have made their appearance than where they have not.* M. Renard,
however, pointed out that ernptive rocks are really absent, and that the association of
minerals proves that the metamorphosed rocks could not have been softened by a high
temperature, as supposed by Dumont, otherwise the simultaneous presence of graphite

! H. Sjogren, Geol. Foren. Stockholm, xxii. (1900), pp. 105, 437. The structure of
Scandinavia and the succession of its older rocks are more fully discussed in Book VI.,
pp. 898, 924. The effects of dynamo-metamorphism among the rocks of Scania have
been described by H. Bickstrom in his memoir on Vestand, cited ante, p. 782. He thinks
that they have more or less affected all the rocks of the district, but only here and there in
strongly pronounced degree, while contact-metamorphism has been general among the sedi-
mentary rocks. He points out that the youngest gneiss, with its overlying quartzite and
tuff, which must once have covered an extensive area, has been in large measure removed
by denudation, except where these rocks have been protected by a covering of the deeper
seated and more highly metamorphosed gneisses which have been upthrust upon them.

2 Neues Jahrb. (1861), p. 677.

3 Renard (Bull. Mus. Roy. Belgique, i. (1882), p. 14) estimates the components of one
of these altered rocks to be: graphite, 4-80 ; apatite, 1°51 ; titanite, 1-02 ; garnet, 4'14;
mica, 20°85 ; hornblende, 3762 ; quartz, 30°62 ; water, 1'32=101-88.

* Renard, op. cit. p. 34.
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and silicates, with protoxide iron bases, such as mnica, hornblende, &c., would certainly
have given rise at least to a partial production of metallic iron. He connected the
metamorphism with the mechanical movements which the rocks have undergone along
the altered zone.! 'The metamorphism of this region was afterwards discussed by
Professor Gosselet, who also regards it as due to dynamical causes.?

Taunus.—A similar example of regional metamorphism extends into the tracts of the
Taunus and Hundsriick. In 1867 K. A. Lossen published an elaborate memoir on the
structure of the Taunus, which is now of classic interest~ in the history of opinion
regarding metamorphism.? He showed that below the middle Devonian limestone, the
usual lower Devonian slates, greywackes, and quartzites rise to the surface, but that
these, traced southwards, pass gradually into various crystalline schists. Among these
schists, he distinguished sericite-gneiss, mica-schist, phyllite, knotted schist, augite-
schist, sericite-lime-phyllite, quartzite, and kieselschiefer. As intermediate grades
between these crystalline masses and the omdinary clastic strata, he observed quartz-
conglomerates, with a crystalline schistose matrix, or with albite crystals, and quartzites
with sericite or mica. He concluded that while these crystalline rocks present the
most complete analogies with those of the Alps, Silesia, Brazil, &c., they are yet so
intimately bound up alike petrographically and stratigraphically with strata containing
Devonian fossils, and into which they pass by semi-crystalline varieties, that they must
be considered as of Devonian age. Subsequently K. Koch proposed to regard the
crystalline schists of the Taunus as Cambrian (Huronian),* and they have been indicated
on the Geological Survey map as Cambrian or Silurian. But the fact that a conformable
sequence can be traced from undoubted fossiliferous Devonian strata downwards into
these crystalline schists makes it immaterial what stratigraphical name may be applied
to them. "They are almost certainly Devonian, as Lossen described them, and in any
case, they are nunquestionably the metamorphosed equivalents of what are elsewhere
ordinary sedimentary strata.

The Alps.—In the geological structure of the central Alps, crystalline schists play
an importaut part.® There can be no doubt that some parts of these schists represent

1 Op. cit. p. 37.

2 See his great Monograph on the Ardennes, Mém. Carte (Géol. France, 1888, chap. xxv.
More recently Professor Renard is inclined to think that at least some of the observed metamor-
phism may after all be due to igneous rocks concealed beneath ; but this view is strenuously
combated by Professor Gosselet, who gives several cogent reasons for his convictions. See
Bull. Soc. Belge Geol. tome xii. (1898), pp. 214-220.

3 ‘¢ Geognostische Beschreibung der linksrheinischen Fortsetzung des Taunus,” &e., Z. .
G. G. xix. (1867), p. 509 (1885), p. 29. K. Geinitz (op. cit. xxviil. 1876, p. 643) describes
the occurrence of well-marked Orthis in a greenish hornblende-schist, consisting of quartz,
hornblende, and octohedra of magnetite.

4 See Lossen’s reply, Z. D. G. G. xxix. (1877), p. 341. He argunes convineingly against
the supposition that these can be original chemical deposits of Cambrian age. (See also
Renard, Bull. Mus. Roy. Belg. i. p. 31, note.)

5 See Lory, ‘Description géologique du Dauphiné’ (1860), Part i. §§ 40-42; Compte
rendw Congrés Géologique International, Paris, 1881, pp. 39-43 ; Bull Soc. Géol. France,
3e série, ix. (1881), pp. 652-679; Favre, ‘Recherches géologiques dans les parties de la
Savoie, &c., voisines du Mt. Blanc’ (1867), chaps. xxi. xxiv. xxv.; A. Miiller, Mém. Soc.
d' Hist. Nat. Bdle, 1865-70 ; Sismonda, Real. Acad. Sci. Torin. (2), xxiv. (1866), p. 333
A. Michel-Lévy, *Chaines des Aiguilles Rouges,” B. Carte. Géol. Frace, iii. (1892), No. 27 5 -
L. Dupare and L. Mrazec, “ Massif du Mt. Blanc,” Mémn. Soe. Phys. Hist. Nat. Geneva, xxxiil.
(1898), pp. 112-171; P. Termier, B. Cart. Géol. France, ii. (1891), No, 26, p. 75;
M. Bertrand, Compt. rend. 1894, p. 212. The Palzozoic and Secondary age of part of the
schists of the Alps is enforced by Heim, ‘ Mechanismus der Gebirgsbildung,” 1878 ; Compt.
rend. Congrés Géol. International, London (1888), p. 16 ; Nuture, xxxviii. (1888), p. 524 ;
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what were once sedimentary strata, while others are not improbably altered forms of
igneous rocks which were contemporaneously or subsequently intercalated among them.
As regards their geological age, however, much diversity of opinion exists. Some
writers claim them as of pre-Cambrian date, while others think that they may consist,
perhaps in large measure, of Palweozoic or even younger rocks.

That a nucleus of erystalline sehists already existed in the Alpine region before the
deposition of the Carboniferous formations is abundantly elear. No one, for instance, can
cross from Vernayaz in the Rhone valley by Fin Haut to the Col de Balme along the
band of Carboniferous strata without enconntering excellent sections of conglomerates,
made up of the debris of the schists, and even lying on these rocks unconformably.
The metamorphism which has so greatly affected the Paleozoic and Mesozoic formations
of the central and eastern Alps is hardly appreciable in this part of the chain, for the
Carboniferous conglomerates, though they have obviously been much crushed, cannot be
called metamorphie, while the greatest change undergoue by the carbonaceous shales is
their alteration into silky phyllites. The Jurassic limestones that flank them likewise
retain their blue tint and dull compact texture. Not far to the south, however, the
continuations of the same strata have undergone more change, for at the well-known
locality of Petit Ceeur the plants so abundantly and admirably preserved in black schist
have had their original substance replaced by a white hydrous mica.! Throughout the
Alpine Carboniferous bands, where fossil plants occur, they usually show, by the extra-
ordinary way in which they have been deformed, the intensity of the shearing stresses
to which the rocks have been subjected.? It is in the eastern part of the chain,
however, that the metamorphism of the Carboniferous bands appears' to be most
developed. A detailed investigation of the geotectonic and petrographical relations
of these rocks was carried out in 1882 by the late D. Stur, Director of the Austro-
Hungarian Geological Survey, and Baron von Foullon.? On the northern border
of the Styrian Alps, near Leoben, a group of erystalline schists 10,000 to 18,000
feet thick reclines steeply (but it is said conformably) against gneiss. It consists of
phyllite-gneiss, mica-schist, and chlorite schist, with four bands of dark graphitic schist
and one or two seams of limestone. The plant-bearing graphitic schist is full of plant-
remains (Calamites ramosus, Pecopteris lonchitica, Lepidodendron phlegmaria, &e.). The
association of plants and the occurrence of bands of graphite, representative doubtless of
former beds of coal, indicate that these carbonaceous rocks belong to the well-known
Schatzler group of the lower Coal-series of Silesia. The whole succession of schists of
which these plant-beariug beds are members, forms one continuous group, which Stur
recognised as traceable for a long distance on the northern margin of the central range
of the north-eastern Alps. He insisted that this group of schists cannot be the result of
original chemical deposition, but, on the contrary, that it is shown, by a great series of
faets, to be the metamorphosed equivalent of what, elsewhere, are unaltered Carboni-
ferous strata. The distortion of the fossils, which proves that the rocks have behaved

Q. J. ¢. S, xlvi. (1890), p. 236 ; Grubenmanun, Mittheil. Thurganischen Naturf. Gesellsch.
Heft viii. (1888); Baltzer, ‘Beitrige zur Geol. Karte der Schweiz,” No. 24 (1888). The
volumes of these * Beitrige ” contain ample details regarding the geologieal structure of the
Swiss Alps. Professor Bonney holds that the ecrystalline schists of the Alps are older than
the Paleeozoic rocks, which even where altered can always, he thinks, be distingunished from
true schists. Address, . J. G. S. vol. xlii. 1886, p. 66 ; xlv. 1889, p. 67 ; xlvi. 1890, p.
187 ; xlviii. 1892, p. 390 ; xlix. 1893, p. 89; 1. 1894, pp. 279, 285; Geol. Mag. 1890,
p. 533.

1 Favre, ‘Recherches Géol.’ iii. p. 192.

2 See Heer’s ¢ Flora Fossilis Helvetie ’ (Steinkohlen Flora), Plate iv. Fig. 1; v. Figs. 1, 8 ;
viii. Figs. 1, 2; xiii. Fig. 1, &e.

3 Jahrb. Geol. Reichsanst. xxxiii. (1883), pp. 189, 207. See also Toula, Verk. Geol.
Reichsanst. 1877, p. 240. .
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like plastic masses under the strain of mountain-making, the alteration of their substance
into anthracite or graphite, and its replacement by micaceous silicates, are evidence of a
serious metamorphism. Stur concluded that there was every encouragement to search
for fossils in the schist envelope of the central Alpine gneiss.!

Baron von Foullon describes the petrographical characters of the various members of
the group of schists in which the plants occur near Leoben. As to the thoroughly
crystalline character of the phyllite-gneiss, mica-schist, &e., there can be no dispute.
It will be enough here to refer briefly to the constitution of the graphite-schist in which
the plants occur. Hand-specimens present a dull fracture, on which none of the com-
ponents, except the graphite, can be recognised, though sometimes they show a greenish,
fibrous, asbestiform mineral. In thin slices, the rock is seen to be composed of quartz
grains, chloritoid, an asbestos-like substance, and a mica, with abundant ‘clay-slate
microlites,” and diffused carbonaceous matter. It resembles the mica-chloritoid-schists
of the Taunus. Some of the chloritoid-schi#ts or quartz-phyllites associated with this
plant-bearing band are also graphitic. Petrographical investigation thus concurs with
the stratigraphical evidence to prove that a tract of crystalline schists in the north-
eastern Alps consists of metamorphosed Carboniferous rocks. The evidence of intense
mechanical movement and the absence of any indication of the influence of eruptive rocks
combine to indicate that the metamorphism of these strata is an example of regional
metamorphism, :

In the western Alps the Triassic strata present greater evidence of metamorphism
than the Carboniferous deposits which underlie them. In the chain of the Aiguilles
Rouges near Chamounix, M. Michel-Lévy has observed that the arkoses of this series
have been so crushed and altered that they can hardly be distinguished from the more
ancient crystalline schists. They have acquired a laminar structure with a reerystalliza-
tion of sericite, chlorite, iron-ores, and quartz, and in this trausformed condition alternate
with bands where the alteration has not advanced so far.2 The so-called ‘schistes
lustrées” or *‘ Biindnerschiefer”” of the Alps are believed by those geologists who have
most closely studied them to be metamorphic equivalents of some part of the vast series
of formations between Archean and Eocene. They have heen so thoroughly modified
as to possess in many places the wholly crystalline structure of mica-schist or hornfels.
The following petrographical types are recognised among them: (1) micaceous cale-
phyllite, sometimes containing fragmentary echinoderms ; (2) cale-phyllite with zoisite,
clintonite, or felspar and enclosing echinoderms, belemnites, and Cardinia ; (3) black
clintonite-phyllite with belemnites; (4) zoisite and garnet-phyllite with belemnites ;
(5) garnet and zoisite hornfels ; (6) quartzless schist containing two micas, with
kyanite, zoisite, epidote, and staurolite; (7) quartzose mica-schist with garnet,
actinolite, staurolite, kyanite, epidote, zoisite, biotite, plagioclase, tourmaline, &ec. ;
(8) actinolitic quartzite. Only in the first four types have fossils been found.> This

1 He had, many years before this, announced his belief that the schistose envelope
(Schieferhiille) of the Alps probably represents Pal®ozoic rocks. Stache, in 1874, wrote
that ‘“the question now is how far Cambrian or Silurian rocks are represented,” Jakrb. *
Geol. Reichs. 1874, p. 159. In 1884 he thought that the epicrystalline condition of the
Silarian rocks in the Alps might be due to original crystalline precipitation. Z D. G. 6.
1884, p. 356. R. Hoernes has more recently published an excellent paper on the meta-
morphism of the Styrian graphite, in which he dwells upon the evidence for the regional
metamorphism so well described by Foullon. He thinks that the transformation of the
Rottenmanner granite into gneiss and the coal into graphite belong to one of the youngest
periods in geological history, and form part of the late plication-movements of the Alps
which, as shown in the frequent earthquakes, have not yet come to a state of rest. Aitth.
Naturwiss. Verein, Steiermark, 1900, pp. 90-131.

2 Michel-Lévy, B. Carte. Géol. France, iii. No. 27, p. 29.

3 (. Schmidt, ‘“Livret Guide dans la Suisse,” Congr. Géol. Internat. 1894, p. 140.
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metamorphism begins on the outer flanks of the Alpine chain and ine
the central mountains. The Liassic shales by degrees become
lose their fossils, while the limestones assume a jointed aspect a
into a completely crystalline condition. In the Vaud Alps, the be
middle Oxfordian shales gradunally disappear in proportion as the rock
schistose, till at the Diablerets it is an almost erystalline sericitic schist.
strata, also, under intense compression, have assumed the character of slates, which are
worked for economic purposes.? Dr. Rothpletz, as the result of his study of the
Biindnerschiefer of the central Alps,'concludes that they comprise (¢) marbles, dolomites,
and cale-schists, of Archean age, which alternate with true gneisses and mica-shists ;
(6) marbles, dolomites, calc-, clay-, and quartzite-schists, and diabase-schists of
Paleeozoic age ; (c) dolomites, limestones, and schists, which are of Triassic age and lie
unconformably on the Pal®ozoic series; (d) limestones, cale- and clay-slates, sandstones,
and conglomerates, which in great part,’if not entirely, belong to the Lias. The fossils
in the Paleozoic series are indeterminable crinoid remains, those in the Triassic division
cannot be specifically identified, but from the Liassic series a number of characteristic
species of the Lower and Middle Lias have been obtained.?

Greece.—In the Grecian peninsula, vast masses of chlorite-schist, mica-schist, and
gneiss occur, with thick interstratified zones of marble. In the calcareous zones fossils
have been found which, though not well preserved, show that the rocks belong to the
fossiliferous series of formations, and are not pre-Cambrian. These crystalline rocks in
north-eastern Greece lie on the strike of normal Cretaceous hippurite limestones, sand-
stones, and shales, and are probably, at least in part, of Cretaceous age.*

Green Mountains of New England.—The Cambrian and Lower Silarian strata,
which to the north in Vermont are comparatively little changed, become increasingly
altered as they are traced southwards into New York Island. They are thrown into
sharp folds, and even inverted, the direction of plication being generally N.N.E. and
S.8.W. This disturbance has been accompanied by a marked erystallization. The
limestones have become marbles, the sandy beds quartzites, and the other strata have
assumed the character of slate, mica-schist, chlorite-schist, and gneiss, among which
hornblendic, augitie, hypersthenic, and chrysolitic zones occur. The geological horizon
of these rocks is shown by the discovery in them at various localities of fossils belonging
to the Olenellus zone of the Cambrian and to the Trenton and Hudson River subdivisions
of the Lower Silurian system of eastern North America. The rocks have been ridged up
and altered along a belt of country lying to the east of the Hudson and extending
north into Canada.’ Since the observations of Dana cited below, the ground has been
worked out in considerable detail by members of the Geological Survey of the United
States. The Lower Cambrian age of the lower part of the great quartzite of Vermont is
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1 Renevier, B. 8. G. F. (3), ix. (1881), p. 650 ; xvii. (1898), p. 884.

2 Lory, op. cit. ix. (1881) p. 651.

3 “TUeber das Alter der Biindnerschieter,” Z. D, . . 1895, i. pp. 1-59.

4 M. Neumayr, Jakrb. Geol. Reichsanst. xxvi. (1876), p. 249. Z. Deutsch. Geol. Ges.
xxxiii. pp. 118, 454. A. Bittner, M. Neumayr, and F. Teller, Denksch. Akad. Wien, x1.
(1880), p. 395. R. Lepsius, in his great mouograph Attika.” A wuseful compendium
of information regarding the geology and physical geography of Greece will be found
in the volume already cited, ¢ Physikalische Geographie von Griechenland, mit besonderer
Riicksicht auf das Alterthum,” by C. Neumann and J. Partsch, Breslau, 1885.

5 See Dana, Amer. Jowrn. Sci. iv. v. vi. xiil. xiv. xvii, xviil. xix. xx.; Q. J. G. S. 1882,
p. 397. The identification of the so-called Taconic schists of New England with altered
Lower Silurian rocks was called in question by Sterry Hunt, but the stratigraphical evidence
collected by A. Wing, Dana. R. Pumpelly, J. E. Wolff, T. N. Dale, B. K. Emerson and
others, and the testimony of the fossils collected by Dana, Dwight, Walcott, &c., have
sustained it.
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shown by the occurrence in it of Olenellus. The basement of the Cambrian series in Old
Hampshire county, Massachusetts, is recognised by Professor Emerson in a gneissose
conglomerate which graduates upward into the quartzite and lies unconformably on an
older (Archean) gneiss. Above the Cambrian quartzite the Lower Silurian formations
are represented by a conformable series of sericitic, amphibolitic, chloritie, and other
schists, which in turn are unconformably overlain by an upper group of quartzites, lime-
stones, garnetiferons mica-schists and clay-slates, which are regarded as metamorphosed
Upper Silurian strata.!

Menominee and Marquette Regions of Michigan.—In one of the most
luminous essays yet published on the megascopic and microscopic proofs of dynamic meta-
morphism, to which reference has already been made (p. 790), G. H. Williams proved
that a series of pre-Cambrian rocks of eruptive origin (greenstones, tuffs, agglomerates,
&c.) have been converted into perfect schists.? The various stages of alteration are
minutely detailed, and careful drawings are®given of the microscopic structures. The
deductions arrived at by the author have far more than a mere local significance ; they
lay an accurate basis for the study of similar “ greenstone-schists ” in other regions, and
show how the original eruptive character of such altered rocks is to be recognised.

It may be nseful to group the foregoing and a few other examples of regional meta-
morphism in stratigraphical order, that the student may see over how wide a range of
the geological formations such transformation has taken place.

Tertiary.—Northern and Central Italy.—Nummulitic limestone rendered saccharoid,
and strata (including Miocene) generally more indurated in proportion to the
extent to which they have been folded and disturbed. These changes which
indicate an incipient metamorphism are well displayed in the Apuan Alps and
in the Apennines.® x

Cretaceous.—Greece.—Chlorite-schist, mica-schist, marble, serpentine, &c., believed
to be altered Cretaceous sandstoue, shale, limestone, &e. (p. 803).

Coast range of California.—Strata containing Cretaceous fossils pass into jaspers,
siliceous slate (phthanites), glaucophane-sehist, garnetiferous mica-schist, serpen-
tine, &c.4

Jurassic.—Alps.—Sericite-schists, altered limestones, &e. (p. 803).

Sierra Nevada (California).—Clay-slates, talcose slates, serpeutine, &c., passing
into rocks containing Jurassic fossils.®

Trias.—Sierra Nevada (Spain).—Clay-slate, mica-schists, tale-schists, and limestones.®

Italy (Carrara, &c.).-—Mica-schist, talc-schist, marbles, passing down into lime-
stones containing Encrinus lilitformis, Phylloceras, Pentacrinus, below which
lie gneissic and other schists enclosing Orthoceras, Actinoceras, and evidently of
Paleozoic age.”

1 Messrs. Pumpelly, Wolff, and Dale, ¢ Geology of the Green Mountains in Massachusetts,’
Monograph xxiii, of U.S. Geol. Surv. 1894 ; B. K. Emerson, ‘Geology of Old Hampshire
County, Massachusetts,” Monograph No. xxix., 1898.

2 Bull. U.S. Geol. Survey, No. 62, 1890.

3 Lotti and Zaccagna, Boll. Comit. Geol. d’Italiw, 1881, p. 5. Lotti, bid. p. 419,
B. S. G. F. xvi. (1888), p. 406.

4 Whitney, Geol. Surv. California, ““Geology,” vol. i. p. 23. G. F. Becker, B. U.8. G. S.
No. 19 (1885); Amer. Journ. Sci. xxxi. (1886), p. 348. “Geology of the Quicksilver
Deposits of the Pacific Slope,” Monograph No. xiii. of U.S. Geol. Survey, 1888.

5 Whitney, op. cit. p. 225. J. S. Diller (B. U.S. G. S. No. 33, 1886), accepting the
general view that at least a portion of the auriferous slates is Mesozoie, suggests that part of
them may be Carboniferous, or even older.

¢ De Verneuil, Bull. Soc. Géol. France (2), xiii. p. 708. R. von Drasche, Jahrb. Geol.
Reichsanst. xxix. (1879), p. 93. The identification of these rocks with Triassic beds is a
probable conjecture.

7 Coquand, B. S. G. F. (3), iii. p. 26 ; iv. p. 126. Zaccagna, Boll. Com. Geol. Ital. xii.
(1881), p. 476. Lotti, op. cit. p. 419, Plate ix. S. Franchi, op. cit. 1898, Nos. 3 and 4.
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Alps.—Limestones, dolomites, and gypsums rendered crystalline, associated with
calc-mica-schist and other varieties of schist (p. 802).
Punjab. —Infra-Triassic rocks overlain by a series of gneisses and schists.!

Carboniferous.—Alps.—Graphite-schist, phyllite-gneiss, &c. (p. 801).

Eastern Brittany.—Carboniferous shales altered into crystalline schists.?

Devonian.—Taunus.—A large series of crystalline schists (p. 800).

Ardennes.—Crystalline schists with garnet, hornblende, mica, &e. (p. 799).

Silurian and Cambrian.—Scotland.—A great series of erystalline schists overlying -
quartzite and limestones with fossils (p. 792).

Norway.—A series of schists resembling those of Scotland, lying upon and inter-
stratified with fossiliferous beds (p. 798).

Green Mountains of New England.—A great group of schists, quertzites, and
limestones, with fossils in some beds (p. 803).

Saxon granulite tract.—Schists, schistose conglomerates, &c.?

South Wales.—A fine foliation of the tuffs, representing an early stage of regional
metamorphism.*

Pre-Cambrian (Archean).—Scotland.—Sandstone and arkose passing into lustrous
crumpled micaceous schists (p. 794). Some of the Archzan gneisses and horn-
blende rocks of Sutherland have had a new schistosity superinduced in them by
the shearing movements that altered the Cambrian strata (p. 885, seq.).

Michigan.—Eruptive rocks converted into schists (see above). Conglomerates with
elongated pebbles in a matrix of sericite-schist.®

Summary.—From the evidence now adduced the followmg con-
clusions may be confidently drawn.

1. There are wide regions in which crystalline schists (@) overlie
Hossiliferous strata, or (J) contain intercalated bands in which fossils occur,
or (c) pass either laterally or vertically into undoubted sedimentary strata.

2. These schists are in some cases the metamorphosed equivalents of
what were once ordinary sedimentary deposits, with frequently included
igneous rocks.

3. The alteration by which rocks have been affected in regional meta-
morphism is, on the whole, similar in its stages to what may he traced
in local metamorphism round bosses of granite, but has attained a much
greater development.

4. Regional metamorphism has been directly connected with (a)
enormous pressure leading to little or no molecular crushing, but with
some shearing movement in the rock; or (0) with intense compression
or tension, under which much shearing and rupture have taken place,
The former or statical phase does. not produce such striking results as
the latter or dynamical phase. The metamorphism is usually most pro-
nounced where, as shown by plication, puckering, and shear-structure,
the rocks have been subjected to the greatest mechanical movement.

5. The dynamical stresses have been generally, perhaps always,
accompanied with more or less chemical reaction, not, as a rule, involving
the introduction of new chemical constituents, but consisting chiefly in a
recombination of those already present in the rocks; with the consequent
development of new crystalline minerals.

1 A. B. Wynne, Geol. Mag. 1880, p. 314.

2 Jannettaz, Bull. Soc. Géol. France (3), ix. (1881), p. 649.

3 Lehmann’s work cited ante, p. 785. 4 Q. J. G. S. xxxix. (1883), p. 310.

5 T. M. Clements, H. L. Smyth, and W. S, Bayley, ‘“The Crystal Falls Iron-bearing
District,” 19tk Ann. Rep. U.S. G. S. 1899. See also the paper by C. R. Van Hise cited
ante, p. 790,
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6. This chemical and mineralogical rearrangement has probably been
superinduced under the influence of moderate heat, and in presence of
water, and is comparable with what, on a feeble scale, can be achieved in
the laboratory.

7. The alteration of rocks in an area of regional metamorphism is
often strikingly unequal in degree even over limited areas, being apt to
attain sporadically a maximum intensity, particularly in tracts of greatest
shearing or plication, while in other areas, the original clastic or crystal-
line characters may be easily discernible.

8. The nature of the alteration has depended first, and chiefly, on the
original character and structure of the rocks affected by it ; and secondly,
on the nature and intensity of the metamorphic activities. Of some
rocks (sandstone, carbonaceous shale, coal), the original condition may be
recognisable when that of their associated strata has entirely disappeared.

9. The foliation in a tract of regional metamorphism has been
developed along divisional planes which guided the crystallization or
rearrangement of the minerals. In some cases, these planes coincide
with those of original deposit. In others, they may represent cleavage,
as was long ago pointed out by Sedgwick and Darwin. Or they may
indicate the planes along which, under intense pressure, the longer axes
of erystallizing minerals would naturally range themselves. In a rocks
homogeneous in chemical composition and general texture, foliation
might be induced along any dominant divisional planes. If these planes
were those of cleavage or of shearing, the resultant foliation might not
appreciably differ from that along original bedding planes.! But it may
be doubted whether a cleavage foliation of clastic sedimentary strata
could run over wide areas without sensible and even very serious
intercuptions. In most large masses of sedimentary matter, the usual
alternations of different kinds of sediment could not but produce distinct
kinds of rock under the influence of metamorphic change. Where
foliation coincides with cleavage over large tracts, it will almost certainly
be crossed by bands, more or less distinct, coincident with the original
bedding, whether of sedimentary or of eruptive rocks, and running
oblique to the general foliation, as bedding and cleavage do, save where
they may happen to coalesce. Where a massive rock of generally
homogeneous composition, such as a felsite or granite, has been intensely
sheared, a rearrangement or recrystallization of its minerals has taken
place along the planes of shearing. Such a rock is thus transformed
into a schist. Kven rocks of much more varied structure, like Archean
gneisses, have been subjected to such changes from shearing as not only
to lose entirely their original structure, but to acquire a new foliation
parallel to the shearing planes (p. 888).

It is now generally agreed that many gneisses and other forms of
schist have been formed by dynamical action out of deep-seated masses
of igneous rocks, both acid and basic. The banding of these rocks,
which was formerly regarded as evidence of agqueous deposition, is no

1 Jannettaz points out that the cleavage of the slates in the Grenoble Alps is parallel to
the foliation of the mica-schists. Bull. Soc. Géol. France (3), ix. (1881), p. 649,
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doubt generally due to~an original segregation or differentiation of the '
component minerals of still unconsolidated igneous rocks, like the banded
structure of some gabbros, though it may to some extent have resulted
from the rearrangement and recrystallization of the materials of such
rocks under intense mechanical strain. The occurrence of lenticular
bands or bosses of amphibolite in coarse or granitoid gneiss probably
indicates dykes of some pyroxenic or hornblendic rock, by which the
original granite was traversed before the development of the foliated
structure. A gradation can be traced between masses of diorite, gabbro,
&ec., and hornblende-schists, actinolite-schists, gabbro-schists, &c. The
granitoid character of these basic igneous rocks, under the great stresses
they have suffered during periods of terrestrial disturbance, has here and
there entirely disappeared. First the minerals (especially the felspars)
are seen to have ranged themselves with their long axis in one general
direction. =~ They have further separated into layers or folia in the
same direction, and have thus acquired a more or less distinctly foliated
structure. A massive diorite, gabbro, or diabase has’in this way been
converted into an amphibolite-schist.

Part IX. ORE-DEPOSITS.!

Metallic ores and other minerals that are extracted for their economic
value occur in certain well-marked forms which have been variously

1 A large list of works on the subject of Ore-Deposits might be cited here. The follow-
ing selection includes some of the more important text-books and memoirs, while others are
referred to in subsequent pages. In English, J. A. Phillips’ work, mentioned anfe, p. 7, has
long been a standard text-book. Another valuable treatise, * The Genesis of Ore-deposits,”
is based on an original memoir, by Posepny, with additions by American authorities,
2nd edit., 1902. Other general text-books are B. von Cotta, ‘Die Lehre von Erzlager-
stitten,” 1859-61 ; A. von Groddeck, ‘Die Lehre von den Lagerstitten der Erze,” 1879 ;
F. vou Sandberger, ‘Untersuchungen iiber Erzginge,” 1882-1885; R. Beck, ‘Die Lehre von
Erzlagerstitten,” Berlin, 1901 ; E. Fuchs and 1. Delaunay, ¢ Gites Mineraux,’ Paris, 1893.
The Transactions of the Royal Geological Society of Cornwall contain many good papers.

So much mining activity has been developed in the United States that the subject has
there been studied in much detail, and great additions to our knowledge have been made by
the writings of Newberry, Le Conte, Becker, Emmons, Kemp, Van Hise, Lindgren, and
other geologists. The Transactions of the American Institute of Mining Engineers are full
of excellent contributions. The general subject of the ores of the United States is treated
by Professor Kemp in his ¢ Ore Deposits of the United States,’” of which a third and entirely
rewritten edition was published in 1900. The most elaborate accounts of the mining regions
of the States, with discussions of some of the problems presented by them, are given in the
quarto monographs of the Uniled States (feological Survey as follows: G. F. Becker, ¢ Geology
of the Comstock Lode,” Mon. iii. iv. and xiii. (also in 8¢ Ann. Rep. 1886-87, p. 695); R.
D. Irving, ¢Copper-bearing Rocks of Lake Superior,” Mon. v. ; Curtis, ‘ Silver-lead deposits
of Eureka, Nevada,” Mon. vii. ; S. F. Emmons, ¢ Geology and Mining Industry of Leadville,
Colorado,” Mon. xii. ; ¢ Geology of the Quicksilver Deposits of the Pacific Slope,” Mon. xiii. ;
Irving and Van Hise, ‘The Penokee Iron-bearing Series of N. Wisconsin,” &e. Mon. xix.;
Van Hise and Bayley, ¢ The Marquette Iron-bearing Distriet of Michigan,” Mon. xxviii. ; Spurr,
‘Geology of the Aspen Mining District of Colorado,” Mon. xxxi. ; Clements, Smyth, Bayley
and Van Hise, ¢ The Crystal Falls Iron-bearing District of Michigan,” Mon. xxxvi. ; “The Gold-
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classified ; but for the purposes of the geological student it is most
convenient to consider them from the point of view of geological origin
and structure. Thus arranged, they naturally group themselves into three
great series: 1st, those connected with the ascent of a molten magma
into the crust of the earth; 2nd, those which have beeun introduced in
solution into fissures, and have no obvious connection with the protrusion
of any magma; and 3rd, those which have been contemporaneously
deposited in superficial formations.

1. Magmatic Ores.—They may arise either (¢) from differentiation
within the magma itself, or (J) from pneumatolitic action, whereby the
metallic constituents of the magma are carried beyond the magma into
the surrounding rocks.

(a) So far as experience goes, metalhc concentration has comparatively
seldom taken place on a large scale within those portions of eruptive
masses of rock now visible at the surface, though some remarkable
examples of it have long been known. It is more particularly
observable among the basic rocks, where magnetic and titaniferous
iron have made their appearance among the latest products of segrega-
tion within the intruded magma In banded gabbros, for instance,
some of the dark layers are in large measure made up of iron ores. The
great Norwegian aggregates of titaniferous iron are found in basic igneous
rocks (labradorite-rock, norite, gabbro, &c.), and even penetrate the adjacent
formations as intrusive dykes.! In Canada also large masses of titan-
iferous magnetite in like manner belong to a great series of basic eruptive
rocks and form groups of hills.2 The segregation of chromite in peri- |
dotites is another example of the same process.> Subsequent extreme
terrestrial disturbances have in the case of the most ancient ore-bodies of
this kind imparted a schistose structure to the igneous rock, so that the
ores now appear intercalated among gneisses and crystalline schists.

(b) Much more frequent is the accumulation of ores in fissures and
other cavities among the rocks that surround a large eruptive mass. The
connection between such ores and an adjacent plutonic intrusion is so
frequent and obvious that it cannot be regarded as accidental. It clearly
points to a genetic relation between the metals and the intrusive roek,

quartz Veins of Nevada City and Grass Valley, California,” 17th Ann. Rep. U.S. G. S. Part
ii. (1896), pp. 13-269 ; W. Lindgren, “ The Gold and Silver Veins of Idaho,” 20tk Ann. Rep.
U.S. G. 8. Part iiil. (1900), pp. 65-256 ; the same volume contains a long paper by Messrs.
Weed and Pirsson on similar phenomena in Montana, pp. 271-581. Messrs. Hatch and
Chalmers have described ‘The Gold Mines of the Rand,” London, 1895, Among the con-
tributions of a theoretical kind Professor Vogt’s papers deserve careful perusal. They will be
found in Geol. Foren. Stockholm, xiii. (1891), pp. 476, 683 ; xiv. p. 212 (pneumatolytic pro-
cesses in gabbro) ; pp. 315, 433 ; xvi. 275 ; Zeitsch. Prakt. Geol. 1893, 1894, 1895, 1898,
1899, 1900, 1901; Trans. Amer. Inst. Min. Engin. 1901; Compt. rend. Congr. Geol.
Internat. Zurich, 1894, p. 382 ; Norges Geol. Undersig. 1892.

! Vogt, Norges Geol. Undersig, 1892.

2 F. D. Adams, Neves Juhrb. Beilag, Bd. viii. p. 419; Min. Assoc. Quebec. 1894. See also
J. F. Kemp, School of Mines Quarterly, New York, July aud November 1899.

% Vogt (““ Problems in the Geology of Ore Deposits ), Trans. Amer. Inst. Min. Engin.
1901), who cites other illustrations, though he thinks that the list can never become large.
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and indicates that the agents by which their separation was effected were
those mineralising vapours and gases which have been so often alluded
to in. previous pages of this text-book. Steam or water-gas at a
high temperature and great pressure has no doubt been largely
instrumental in the transference of the ores. Thus around large
hosses of granite, the steam, charged with compounds of fluorine,
boron, and phosphorus, has carried over from the still unsolidified
granite the tin-ore which, with its accompanying minerals, is such a
characteristic metal in the surrounding veins. Again, next to large
masses of gabbro veins of apatite are sometimes conspicuous, as in Norway
and Northern Sweden. Professor Vogt has shown reason to believe that
in each case the material that fills the veins was probably extracted from
the magma by a reaction, in the presence of water, of hydrochloric (or,
as the case may be, hydrofluoric) acid dissolved in the magma. The
mineral veins which can be ascribed to this process may extend to a
horizontal distance of a mile or more from the eruptive mass, but still
lie within the areole of contact-metamorphism. They often appear at or
close to the boundary of the eruptive mass, and even when at their greatest
horizontal distance from its outcrop they may not improbably be much
nearer to it in vertical descent below. These features are characteristically
displayed in such mining districts as Cornwall, Southern Hungary, Elba,
and Christiania. The ores consist of magnetite, specular iron, cassiterite,
sulphides of copper, lead, zinc, &e.

2. Solution Ores.—Though no satisfactory division can be made
between these and those last described, it is useful to keep by themselves
those ore-deposits which stand in no obvious relation to any eruptive
mass visible at the surface, though of course many of them may be con-
nected with deep-seated igneous masses, which have not been exposed.
Much diversity of opinion still exists as to the source of the metal in
these accumulations. Of the various theories that have been proposed
the following are the most noteworthy : (1) Lateral segregation, whereby:
the substances in the veins have been derived from the adjacent rocks by
a process of leaching or solution and redeposit, carried on by the circula-
tion of water through the terrestrial crust. The fact that the nature
and amount of the minerals, and especially of the ores, in veins, so often
vary with the composition of the surrounding rocks is dwelt on by those
who hold this view as a proof that these rocks have had an influence on
the precipitation of mineral matter in the fissures passing through them,
and were probably themselves the source from which the metals were
obtained. It is pointed out that chemical analysis has revealed the
presence of minute quantities of metallic ores dispersed through the
substance of the rocks surrounding mineral-veins, that by isolating some
of the more frequent silicates found as rock-constituents (such as augite,
hornblende, and mica), iron, nickel, copper, cobalt, arsenic, antimony,
tin, &c., have been found in appreciable quantity, and that stratified
rocks also, when subjected to sufficiently delicate analysis, reveal
the presence in them of the metals and non-metallic substances that
constitute mineral-veins ; clay-slates, for example, having been found to



810 GEOTECTONIC (STRUCTURAL) GEOLOGY BOOK IV

contain copper, zine, lead, arsenic, antimony, tin, cobalt and nickel.!
It is further argued that only on the assumption that the water is of
meteoric origin and belongs to the outer part of the crust, can the fact
be explained that mineral-veins are so often found to become thinner
and poorer as they are followed downward. Tt is likewise maintained
that below an extreme depth of some 10,000 metres, or seven or eight
miles, the pressure must be so great that no fissure can remain open, but
if formed by any great disturbance of the crust must be immediately
closed again. There can indeed be little doubt that a vast amount of
solution and redeposit of mineral matter within the ecrust of the earth
must be effected by the circulation of meteoric water, some of which may
have its energy increased by the eart}’s internal heat, and that fissures
may thus conceivably be filled up with new mineral deposits. But
strong objections have heen urged against this explanation as a general
theory of the origin of mineral veins. The frequent association of mineral
veins with ancient protrusions of eruptive material and with modern
volcanic action, the generally observed dryness of deep mines which
appear to descend below the usual limit of the circulation of ground-
water, and the continuance of mineral veins down through those dry parts
of the crust as far as mining operations have heen carried, are urged as
inexplicable on the supposition that meteoric water is the only or even
the chief source from which mineral veins have been supplied.

(2) Ascent from below—the minerals and ores having been introduced
by (a) sublimation, or (b) by igneous fusion, or (¢) by hot aqueous vapour
escaping from the magma underneath. Sublimation takes place in the
upper part of a voleanic chimney, among the erevices into which the hot
vapours and gases enter, but has probably played little or no part in the
formation of mineral veins. Igneous injection may take place at the
edge of an igneous mass, as in the case of magmatic segregations like
those of the titaniferous iron-ores above referred to in connection with
the differentiation of gabbro and allied rocks. But the most cursory

- acquaintance with ordinary mineral-veins suffices to assure us that in
their production the injection of igneous material can have had no share.

We are thus left with only the heated solutions that escape from the
internal magma through such fissures as may be opened in the overlying
crust. To the objection that such fissures cannot exist save in the outer fow
thousand metres of the crust, it may be answered that while our know-
ledge of the conditions of the earth’s interior is not such as to warrant
us in fixing a limit to the downward extension of fissures, we do not
need to suppose them to descend any deeper than to come within the
influence of the magma. We are absolutely ignorant at what depth this
magma may be reached at any one part of the earth’s surface; but we
do know that at volcanic vents it actually comes up to the surface and

1 This view of the subject has been espoused and exhaustively discussed by Professor F.
Sandberger in his ‘¢ Untersuchungen iiber Erzginge,” Parti. It is also cogently supported
by Mr. Van Hise, Trans. Amer. Inst. Min. Engin. xxx. (1900) ; Journ. Geol. viii. (1900),
pp. 730-770; and has recently been discussed by Mr. W. H. Weed, Amer. Geol. xxi.
(1902), p. 170.
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sometimes rises, as in Cotopaxi, 19,000 feet above it. There does not
therefore appear to be any insuperable difficulty in the assumption that
the heated vapours of the magma may find their way up rents in the
crust even when the magma itself has been unable to follow them. That
the hot waters which rise from the interior, especially in voleanic districts,
bring up to the surface mineral solutions such as those that must have
been in operation for the infilling of mineral veins, admits of no doubt.
Various minerals, including silica, both crystalline and chalcedonie, metallic -
sulphides, and even metallic gold, are held in solution and deposited by
the hot waters of California and Nevada, where metalliferous lodes may
thus be in course of formation at the present day.! In the solfatara
of Lake County, California, the sulphur contains cinnabar, and the rocks
through which the waters issue are coated with gelatinous silica resting
on chalcedony, beneath which lies crystalline quartz. Again, the hot
waters of Steamboat Springs, Nevada, are now depositing gold, probably

in the metallic state; sulphides of arsenic, antimony, and mercury ;
" sulphides or sulpho-salts of silver, lead, copper, and zinc ; iron-oxide and
possibly also iron-sulphides ; manganese, nickel, and cobalt compounds,
with a variety of earthy minerals.? At a short distance from these
springs, a group of fissures that still give off steam and carbonic acid
have been filled with hyaline and crystalline silica. The quartz contains
oxides of iron and manganese, sulphides of iron and copper, and traces of
gold. A few miles distant is the famous Comstock Lode, which has
evidently been formed in a similar manner by ascending hot water, and
from which a vast amount of silver and gold has been obtained.

The obvious genetic relation between mineral veins and eruptive
bosses, above referred to, and the association of the same peculiar
minerals both in these veins and in the pegmatites that surround the
bosses, justify the confident belief that, in these instances at least, the
common source of all the minerals and ores has been the eruptive magma
which furnished the intrusive masses, and likewise the vapours and
mineralising agents that have affected all the surrounding rocks for a
distance of a mile or more. If this intimate relationship can be established
in the case of mineral veins which are connected with eruptive bosses that
have by denudation been exposed at the surface, it is not illogical to
infer that the same connection probably exists in the case of other veins
which have no visible connection with any intrusive masses as yet
revealed at the surface. Such masses may exist below at no very great
depth. The general deduction, therefore, appears to me to be well
founded, that while lateral segregation must be recognised as a possible
contributing cause, the main agency in the formation of mineral veins is
to be sought in the ascent of heated waters which could only have
derived their pneumatolitic efficacy from the internal magma.®

1 J. A. Phillips, @ J. G. 8. xxxv. p. 390. W. H. Weed, 21st Ann. Rep. U.S. G. 8.
Part ii. (1900) p. 217.

2 G. F. Becker, Amer. Journ. Sci., xxxiii. (1887), p. 200.

% See a paper by Professor J. F. Kemp ‘“On the role of the Igneous Rocks in the
formation of Veins,” Contrib. Geol. Dept. Columbia Univ. ix. (1901), No. 77. J. B. Hill,
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‘As-the solutions, in their ascent from below, reach cooler parts of the
earth’s crust, they doubtless begin to deposit their mineral contents on the
walls'between which they rise. In their progress they necessarily induce
chemical and mineralogical changes in the surrounding rocks, which
thus undergo various transformations, being sometimes weakened by
the  removal of certain ‘constituents, as in propylitisation (p. 772) and
kaolinisation (p. 104), and sometimes rendered more compact and crystal-
line by the introduction of new ingredients, as in the production of schorl-
rock, topaz-rock and the felsparless rock known as greisen.!

3. Superficial ores in sedimentary deposits.—These are mainly
of two kinds. («) Formed of fragments of old ores which in the denuda-
tion of a region have been worn away, and of which the detritus is
collected in different sedimentary deposits. Examples of this type are
seen in the placer workings of gold in the alluvium of modern or ancient
rivers and the sfream-works in which tinstone sand is collected.  (b)
Formed by precipitation from aqueous solution, as in the deposits of
bog-iron-ore and lake-ore, already described (p. 186). Ancient examples
of this type prove that similar concentration and deposition has taken
place in the waters of all geological periods, and that the agency of both
plants and animals has contributed towards the elimination of the ores
from aqueous solution. The ironstones of the Coal-measures and the
Jurassic rocks of Britain and the copper-ores of the Kupferschiefer of
Germany may be cited in illustration. Ores contemporaneously deposited
in sedimentary strata obviously do not require separate consideration here,
seeing that they are subject to the ordinary structures and variations of
stratified rocks, which have already been discussed in Book IV. Part L
We may therefore restrict the following descriptions to those forms of
accumulation which present peculiar structures, and which for their
geological interest and economic importance merit more detailed notice.

§ i. Mineral-Veins or Lodes.

A true mineral-vein consists of one or more minerals deposited within
a fissure of the earth’s crust, and is usually inclined at from 10° to 20°
from the vertical. The bounding surfaces of such a vein are termed
walls, and, where inclined, that which is uppermost is known as the
hanging, and that which is lowest as the lying or foof wall. The sur-
rounding rock, through which veins run, is termed the country or
countryrock. Mineral veins are composed of () masses or layers of
simple minerals without metallic ores, or () of such minerals (termed
vein-stones) intermingled or alternating with metallic ores. They are
distinct from the surrounding rock, and are evidently the result of
separate deposition.  They are commonly most frequent and most

“The Plutonic and other intrusive Rocks of West Cornwall in their relation to the Mineral
Ores,” Trans. Roy. Geol. Soc, Cornwall, xii. (1901), Part vii.

1 See W. Lindgren, *“ Metasomatic Processes in Fissure-Veins,” Trans. Amer. Inst. Min.
Engin. xxx. p. 578.
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generally coincides with a line of fault or of joint, but is
the bedding or foliation of the “country.” Cases occur
massive rocks, however, and still more frequently a
where the introduction of mineral matter has taken plf
inclined or even horizontal planes, such as those of stratifich p
veins then look like interstratified beds, or where the 1nﬁltrat10n has
proceeded along vertical lines, like igneous dykes or veins. Some remark-
able examples of this form of interpenetration of mineral matter have
already been noticed from the mining region of Cornwall (ante, p. 778).
Variations in breadth.—Mineral-veins vary in breadth from a
mere paper-like film up to a great wall of rock 150 feet wide or more.
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Fig. 346.—Widening of a fissure by relative shifting of its side (De la Beche).

The simplest kinds are the threads or strings of calcite and quartz, so
frequently to be observed among the more ancient, and especially more
or less altered, rocks. These may be seen running in parallel lines, or
ramifying into an intricate network, sometimes uniting into thick branches
and again rapidly thinning away. Considerable variations in breadth
may be traced in the same vein. These may be accounted for by unequal
solution and removal of the walls of a fissure, as in the action of per-
meating water upon a calcareous rock; by the irregular opening of a
rent, or by a shift of the walls of a sinuous or
irregularly defined fissure. In the last-named
case, the vein may be strikingly unequal in
breadth, here and there nearly disappearing
by the convergence of the walls, and then
rapidly swelling out and again diminishing.
How simply this irregularity may be accounted
for will be readily perceived by merely copying
the line of such an uneven fissure on tracing 3624 < Heth > 1

ig. 347.—Section of a fissure nearly
paper and shifting the tracing along the lme filled with one mineral (c c), but

of the original. If, for example, the fissure  witha portion of the fissure LN

be assumed to have the form shown at @ b, jn Sl open (B

the first line (Fig. 346), a slight shifting of one side to the right, as at
@ ¥ in the second line, will allow the two opposite walls to touch at
only the points o o, while open spaces will be left at ¢ ¢ d. A move-
ment to the same extent in the reverse direction would give rise to a
more continuously open fissure, as in the third line. That shiftings of
this nature have occurred to an enormous extent in the fissures filled

|
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with mineral-veins, is shown by their abundant slickensides (p. 661).
The polished and striated walls have been coated with mineral matter,
which has subsequently been similarly polished and grooved by a renewal
of the slipping.

Structure and contents.—A mineral-vein may be either simple,
that is, consisting entirely of one mineral, or compound, consisting of
several ; and may or may not be
metalliferous.  The minerals are
usually erystalline, but layers or
irregular patches of soft decomposed
earth, clay, &ec., frequently accom-
pany them, especially as a layer on
the wall-face (flucan). The non-
metalliferous minerals are known as
gangue or vein-stones, the more
crystalline being often also popularly

! d ; A classed as spars. The metal-bear-

Fig. 8348.—Section of Mineral-Vein with sym- . .

metrical disposition of duplicate layers. 1ng minerals are known as ores.
The commonest vein - stones are
quartz (usually either crystalline or crypto-crystalline, with numerous
fluid-inclusions), calecite, barytes, and fluorite. The presence of silica
is revealed not only by the quartz, but by the hard siliceous bands
so often observable along the walls of a vein. These can often be
determined to be portions of the “country” which have been in-
durated by the deposition of silica in their pores. The ores are some-
times native metals, especially in the case of copper and gold ; but for
the most part are oxides, silicates, carbonates, sulphides, chlorides, or
other combinations. Some of the contents of mineral-veins are associated
with certain minerals more usually than with others, as galena with
blende, pyrite with chalcopyrite, gold with quartz, magnetite with chlorite.
Of the manner in which the contents of a mineral-vein are disposed the

following are the chief varieties.

(1) Massive.—Showing no definite arrangement of the contents. This structure is
especially characteristic of veins consisting of a single mineral, as of calcite, quartz, or
barytes. Some metalliferous ores (pyrites, limonite) likewise assume it.

(2) Banded, comby, in parallel (and sometimes exactly duplicated) layers or
combs. In this common arrangement, each wall (« @, Fig. 848) may be coated with a
layer of the same material, perhaps some ore or flucan (b &), followed on the inside
by another layer (¢ c), perhaps quartz, then by layers of calcite, fluor-spar, or other
veinstone, with strings or layers of ore, to the centre, where the two opposite walls may
be finally united by the last zone of deposit (7). Even where each half of the vein is
not strictly a duplicate of the other, the same parallelism of distinct layers may be
traced.

(3) Brecciated, containing angular fragments of the surrounding ‘‘country,”
cemented in a matrix of veinstones or ores. It may often be observed that these frag-.
ments are completely enclosed within the matrix of the vein, which must have been
partially open, with the matrix still in course of deposit, when they were detached from
the parent rock. Large blocks (riders) may be thus enclosed.

(4) Drusy, containing or made up of cavities lined with crystalline minerals, The
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central parts of veins frequently present this structure, particularly where the minerals
have been deposited from each side towards the middle.

(56) Filamentous, having the minerals disposed in thread-like veins ; this is one of
the commonest structures.

Metallic ores occur under a variety of forms in mineral-veins. Sometimes they
are disseminated in minute grains or fine threads (gold, pyrites), or gathered into
irregular strings, branches, bunches, or leaf-like expansions (native copper), or disposed
in layers alternating with the veinstones parallel with the walls of the vein (most
metallic ores), or forming the whole of the vein (pyrites, and occasionally galena), or
lining drusy cavities, both on a small scale and in large chambers (hematite, galena).
Some ores are frequently found in association (galena and blende), or are noted for
containing variable proportions of another metal (argentiferous galena, auriferous
pyrites, titaniferous magnetite).

Fig. 349.—Section of Wheal Julia Lode, Cornwall Fig. 350.—Section of part of a Lode, Godolphin

showing five successive openings of the same Bridge, Cornwall (B.).

fissure (B.). a, Quartz coating cheek of vein ; b, quartz-crystals
o ff, Copper-pyrites and blende; b, d, ¢, &, i, quartz pointing in\vard., ¢ ¢, agatiform silica ; d, thick

in crystals pointing inwards ; ¢, clay ; g, empty layer of copper-pyrites.

space.

Successive infilling of veins.—The symmetrical disposition re-
presented in Fig. 348 shows that the fissure remained open and had its walls
coated first with the layers b 4. Thereafter the still open, or subsequently
widened, cleft received a second layer (¢ ¢) on each face, and so on pro-
gressively until the whole was filled up, or until only cavernous spaces
(druses) lined with crystals were left. In such cases, no evidence exists
of any terrestrial movement during the process of successive deposition.
The fissure may have been originally as wide as the present vein, or may
have been widened during the accumulation of mineral matter, so
gradually and gently as not to disturb the gathering layers. But in
many instances, as above stated, proofs remain of a series of disturbances
whereby the formation of the vein was accelerated or interrupted. Thus
at the Wheal Julia Lode, Cornwall, the central zone (¢ in Fig. 349) is
formed of quartz-crystals pointing as usual from the sides towards the
centre of the vein, but it is only one of five similar zones, each of which
marks an opening of the fissure and the subsequent closing of it by a
deposit of mineral matter along the walls.! The occurrence of different
layers on the two walls of a vein may sometimes indicate successive open-
ings of the fissure. In Fig. 350 the fissure at one time, no doubt,

1 De la Beche, ‘ Geological Observer,” p. 698.
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extended no farther than between 1 and 2. Whether the band of copper
pyrites had already filled up the fissure, previous to the opening which
allowed the deposit of the silica, or was introduced into a fissure opened
between 2 and 3 after the deposit of the silica, is uncertain.!

The occurrence of rounded pebbles of slate, quartz, and granite in the
lodes of Cornwall at depths of 600 feet from the surface, of gneiss in the
vein at Joachimsthal at 1150 feet, and of Liassic land and freshwater
shells at 270 feet in veins traversing the Carboniferous Limestone of the
Mendip Hills and South Wales, seems to indicate that fissures may
remain sufficiently open to allow of the introduction of water-worn stones
and terrestrial organisms from the surface even down to considerable
depths.? .

Connection of veins with faults and cross-veins.—While the
interspaces between any divisional planes in rocks may serve as receptacles
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Fig. 351.—Plan of Wheal Fortune Lode, Cornwall (B.).

1 1 m, lodes of which the mafin one splits up towards east and west, traversing elvan dykes, e e, but
teut by faults or cross-courses, d d. Scale one inch to a mile.]

of mineral depositions, the largest and most continuous veins have for
the most part been formed in lines of fault. These may be traced, some-
times in a nearly straight course, for many miles across a country, and as
far downward as mining operations have been able to descend. Some-
times veins are themselves faulted and crossed by other veins. Like

ordinary faults also, they are apt to split up at their terminations.
These features are well exhibited in some of

the mining districts of Cornwall (Fig. 351).
The intersections of mineral-veins do
not always at once betray which is the

' older series. If a vein has really been

shifted by another, it must of course be

o= . older than the latter. But the evidence of

Fig. 852—Deceptive shifting of  displacement may be deceptive. In such a
a Vein (B.). 5 : .

section as that in Fig. 352, for example, a

cursory examination might suggest the inference that the vein d ¢ must
be later than the dyke or vein @ b, by which its course appears to have
been shifted. Should more careful serutiny, however, lead to the
detection of the vein crossing the supposed later mass at ¢, it would

3 1 De la Beche, op. cit. p. 699.
2 De la Beche, op. cit. p. 696. Moore, Q. J. G. 8. xxiil. 483; Brit. Assoc. 1869, p. 360,
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be clear that this inference must be incorrect.! In mineral districts,
different series or systems of mineral-veins can generally be traced, one
crossing another, belonging to different periods, and not infrequently
filled with different ores and veinstones. In the south-west of
England, for example, a series of fissures running N. and S., or N.N.W.
and S.S.E., traverses another series, which runs in a more east and west
direction (W.S.W. to E.-N.E, or W.N.W. to E.S.E.). The latter (c ¢, d d,
Fig. 353) in Cornwall contain the chief copper and tin ores, while the
cross-courses (b 0) contain lead and iron. The east and west lodes in the
west part of the region were formed before those which cross them, for
they are shifted, and their contents are broken through by the latter.

Fig. 853.—General Map of Fissures in the mineral tracts of 3. W. England (B.).

To the east, near Exeter, the east and west faults a a are later than the
New Red Sandstone, and in Somerset than the Lias.2

Relation of contents of veins to surrounding rock.—In
general the deposition of metallic ores in mineral-veins has been in-
dependent of the varying petrographical nature of the country-rock.?
Nevertheless it has long been familiar to miners that, in some regions
where a vein traverses various kinds of “rocks,” it may be generally
richer in ore when crossing or touching some than others. In the north
of England, for example, the galena is always most abundant in the
limestones and scarcest in the shales, the veins in the Great Limestone
(which is 150 feet thick or less) having produced as much lead as all
the rest of a mass of 2000 feet of strata put together.* TIn Cornwall
and Devon, it has been observed that some lodes yield tin where they

1 De la Beche, op. cit. p. 637.

2 De la Beche, op. cit. p. 659.

3 Vogt, Trans. Amer. Inst. Min. Engin. Feb. 1901, p. 20 of reprint.

4 The greater number and breadth of mineral veins in limestone may be due to the
comparatively rapid solution of that rock by water percolating along joints or other divisional
planes, with the consequent production of open chasms and chambers which would not be
formed in such material as shale.

VOL. IT I
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cross granite, and copper where they traverse slate; the same lode, as
at Botallack, may cross three times from the one rock into the other,
and each time the same change of metallic contents takes place. Some
of the lodes, which are poor in ore in the slate, become rich as they
cross an elvan (Fig. 354), or, on the other
hand, the ore is so split up into strings in
the elvan, as to be much less valuable than
in the slate.

Decomposition and recomposition in
mineral-veins.—It has been noticed that the
“country ” through which mineral-veins ran is
often congiderably decomposed. In Cornwall,
. this is specially observable in the granite.
Round the Comstock Lode also, the diabase is
particularly decayed. Besides the large series
Fig, 85k Plan o Hia ks (et of complex chcmicali reactions brought al.)out

traversed by a metallic vein (cefd), Py the pneumatolytic vapours and solutions
which dies out as it passes into the which, whether emanating from a magma that
f;;‘;;’;ﬁd(';;% pan il can now be seen in bosses of eruptive material
or is still concealed within the crust, have

traversed the * country ” rocks,! extensive alterations have likewise been
subsequently effected by the percolation of meteoric waters in the upper
parts of the terrestrial crust. Partly to this cause is perhaps to be
assigned the widespread kaolinisation of granite and of the argillaceous
slates in many mining regions. The wat® removes most of the alkalies
and alkaline earths in solution as carbonates, and some of the silica is
likewise abstracted. It is common to find in mineral-veins layers of
clay, earth, or other soft friable loamy substances, to which various
mining names are given. The great majority of the remarkable minerals
of the south-west of England occur in those parts of the lodes where
such soft earths abound. These veins have evidently served as channels
for the circulation of water hoth upward and downward, and to this
circulation the decay of some bands into mere clay or earth, and the
recrystallization of part of their ingredients into rare or interesting
minerals, are doubtless to be ascribed. It is observable, also, that the
upper parts of pyritous mineral-veins, as they approach the surface of
the ground, are usually more or less decomposed from the infiltration
of meteoric water, siliceous peroxide of iron and limonite being especially
predominant. (Gossan of Cornwall, p. 93, Chapeau de Fer, Eiserner Hut.)

§ ii. Stocks and Stoek-works. (Sticke, Stockwerke.)

Cavernous spaces dissolved out of such rocks as limestone, or caused
by rupture or otherwise, may be of indeterminate shape, and may
be filled with one or more veinstones or ores, either in symmetrical zones
following the outline of walls, floor, and roof, or in parallel and roughly
horizontal bands (Fig. 355). Irregular metalliferous masses of this kind

1 See Vogt, op. cit., and Lindgren’s paper cited ante, p. 812.
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have long been known in Germany by the name of Sticke (Stocks) when
of large size, smaller aggregations being known as Bufzen (cones) and
Nester (tufts). The size of these indefinite accumulations of ore varies
from mere nests up to masses 800 feet or more in one direction by 200
feet or more in another. H:wmatite, brown iron-ore, and galena not in-
frequently occur in this form in limestone, as in the ‘pockets” of hema-
tite and “flat-works ” of galena in the Carboniferous Limestone, and more
notably in the ore “chambers” of the Eureka and Richmond mines of
Nevada, and the Emma, Flagstaff, and other mines in Utah, from which,
in recent years, such vast quantities of ore have been obtained. The
“gash” or “rake” veins of galena in the north of England occur in
vertical joints of limestone which have been widened by solution, and are
sometimes completely cut off underneath by the floor of shale or sand-
stone on which the limestone lies. Lenticular aggregations of ore and

Fig. 355.—Section of Mineral deposits in limestone, Derbyshire (B.).

« «, Carboniferous Limestone with intercalated bed of basalt (‘‘toadstone™ b); h h I h, joints
traversing the limestone; i g, k d, m ¢, veins traversing all the rocks and containing veinstones
and ores ; f, spaces between the beds enlarged by solution and filled with ininerals or ores (*‘ flat-
works”) ; p p, large irregular cavernous spaces dissolved out of the rock and filled with minerals
and ores.

veinstone found in granite, as in the south-west of England, are known
as Carbonas; they are usually connected with true fissure-veins.

The origin of the large spaces in various kinds of rock, now filled with
veinstones and ores, has been referred to solution by underground waters.
In the case of limestone, the removal of the rock by descending meteoric
water containing carbonic acid in solution, and the consequent production
of caverns and tunnels, are familiar and easily understood. The formation
of large chambers in such rocks as granite is not so intelligible. ~Possibly
no such chambers were ever produced as empty spaces, but by a process
of substitution the hot ascending solutions decomposed the silicates,
preferentially in certain weak parts of the rock, and gradually replaced
them with the pneumatolitic minerals and ores. Mr. Kendall has
suggested such an origin even for the large hesematitic deposits that
oceupy irregular cavernous spaces in the Carboniferous Limestone of
the Lake District. He has pointed out as proof of substitution that the
fossils of that limestone have here and there been replaced by hmmatite.!

Stock-works are portions of the surrounding rock or *country” so
charged with veins, nests, and impregnations of ore that they can be
worked as metalliferous deposits. The tin stock-works of Cornwall and

1 North of England Inst. Min. and Mechan. Engin. xxviii. Part iii. and xxxi. Part v. ;
Trons, Manchester Geol. Soc. 1884. #
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Saxony are good examples. Sometimes a succession of such stock-works
may be observed in the same mine. Among the granites, elvans, and
Devonian slates of Cornwall, tin-ore has segregated in rudely parallel
‘zones or “floors.” At Botallack, at the side of ordinary tin lodes, floors
of tin-ore from six to twelve feet thick and from ten to forty feet broad
occur. The name of Fahlbands has been given to portions of ‘country ”
which have been impregnated with ores along parallel belts.

Panrt X. UNCONFORMABILITY.

‘Where one series of rocks, whether of aqueous or igneous origin, has
been laid down continuously and without disturbance upon another series,
they are said to be conformable. Thus in Fig. 356, the sheets of con-
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Fig. 356.—Unconformability among horizontal strata. Lias resting on Carboniferous
Limestone, Glamorganshire (B).

glomerate (b b) and clay and shales (¢ d), have succeeded each other in
regular order, and exhibit a perfect conformability. They overlap each
other, however, each bed extending beyond the edge of that below it,
and thereby indicating a gradual subsidence and enlargement of the area
of deposit (p. 653). But all these conformable beds repose against an
older platform ¢ a, with which they have no unbroken continuity. Such
a surface of junction is called an unconformability, and the npper are said to
be unconformable on the lower rocks. The latter may consist of horizontal
or inclined clastic strata, or contorted schists, or eruptive massive rocks.
In any case, there is a complete stratigraphical break between them and
the overlying formation, the beds of which rest successively on different
parts of the older mass.

It is evident that this structure may occur in ordinary sedimentary,
igneous, or metamorphic rocks, or between any two of these great series.
It is most familiarly displayed among clastic formations, and can there be
most satisfactorily studied, since the lines of bedding furnish a ready
means of detecting differences of inclination and discordance of super-
position. But even among igneous protrusions, and in ancient meta-
morphic masses, distinet evidence of unconformability is occasionally
traceable. Wherever one series of rocks is found to rest upon a highly
denuded surface of an older series, the junction is unconformable.!

1 The occurrence of considerable contemporaneous erosion between undoubtedly conform-

able strata belonging to one continuous geological series has already (pp. 639-642) been
described.
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ally conformable rocks is one of the most characteristic featu
kind of structure. C

It has already been pointed out, that though conformable rocks may
usually be presumed to have followed each other continuously without
any great disturbance of geographical conditions, we cannot always be
safe in such an inference. But an unconformability leaves no room to
doubt that it marks a decided break in the continuity of deposit. Hence
no kind of geological structure is of higher importance in the interpreta-
tion of the history of the stratified formations of a country. In rare
cases, an unconformability may occur between two horizontal groups of
strata. On the left side of Fig. 356, for instance, the beds d follow
horizontally upon the horizontal beds (¢). Were merely a limited section
visible, disclosing only this relation of the rocks, the two groups ¢ and d
might be mistaken for conformable portions of one continuous series.
Further examination, however, would lead to the detection of evidence
that the limestone a had been upraised and unequally denuded before the
deposition of the overlying strata & ¢ d. This denudation would show
that the apparent conformability was merely local and accidental, the
older rock having really been upraised and worn down before the forma-
tion of the newer. In such a case, the upheaval must have been so
uniform over some tracts as not to disturb the horizontality of the lower
strata, so that the younger deposits lie in apparent conformability upon
them.
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